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ABSTRACT 
Molecular analyses were done on three low activity GPDH variants, 
AMBS, ACyg22 and AT198, which were all isolated from natural populations. 
These three variants differed from each other in that AMBS and ACyg22 
were rare, whereas AT198 and variants with similar properties were 
relatively common and occurred in geographically widespread populations. 
The variant ACyg22 had only 5 percent normal GPDH activity but 
molecular analyses showed normal levels of mRNA both in adults and 
larvae. Southern blotting data did not reveal any major insertions or 
deletions in the coding region. The DNA sequence of the ACyg22 allele was 
compared to that of a normal activity allele (ACB) from the same population. 
This comparison revealed two nucleotide changes which are predicted to 
give rise to two amino acid substitutions that might cause the reduced 
activity. An asparagine (AAC) to tyrosine (TAC) substitution was detected in 
exon 1 (residue 13) and an arginine (CGC) to cysteine (TGC) substitution in 
exon 5 (residue 272). These data suggest that one or both of the substitutions 
have altered the stability of the GPDH protein, leaving it more susceptible to 
degradation by cellular processes. Although it has not been possible at this 
stage to determine _which of the substitutions is responsible for this decrease 
in GPDH activity, the substitution in exon 5 is probably the most critical as 
cysteine is able to form disulphide bonds with surrounding residues and 
affect the protein structure. 
The variant AMBS is a regulatory mutant which produces only 10 
percent of normal GPDH protein. The allele was cloned and sequenced in a 
previous study (Reed, 1989) and found to have a 74-bp deletion/20-bp 
insertion in the 5' region which removes the wild-type TATA box promoter. 
In adults and larvae two transcripts are produced. 5' mapping experiments 
showed that one or two substitute TATA boxes were utilized in AMBS to 
initiate an RNA transcript whose size was similar to the wild-type (1.7-kb). A 
larger transcript (1.9-kb) was found to be heterogeneous in length having 
different 5' termini. Analysis of the start sites in these transcripts revealed 
that they were not initiated at a TATA box sequence. Investigations on the 
transcription initiation sites for AMBS and a normal activity allele, ACB, 
showed that in both strains the start site was located close to where Bewley et 
al. (1989) had predicted. 
V 
The third category of variant, A Tl 98, and variants having similar 
properties, occur at a frequency of 0.114 in geographically widespread 
populations. They produce about 50 percent of normal GPDH activity and I 
have shown that this is because of reduced mRNA levels. DNA sequence 
analyses of A Tl 98 and five other variants showed that they all contained 
partial P element insertions in the 5' region between the TATA box and the 
transcription initiation site. Four of the variants, AT198, ACyg8, ACyg83 and 
AAV65, had KP element (1.15-kb) insertions, and another variant, AK0107, 
had a 2.3-kb insertion comprising tandem KP elements separated by an 8-bp 
sequence. A sixth variant, GB2, had a smaller partial P element (0.6-kb) 
insertion. These insertions all occurred at exactly the same site and it is 
argued that they cause the reduced levels of mRNA and reduced GPDH 
activity in this category of variant. 
These variants give rise to differential allelic expression in 
heterozygotes with a normal allele. Heterozygotes between A Tl 98 and a 
normal allele produced levels of RNA that were indistinguishable from 
normal homozygotes and therefore a trans-acting dominance effect arises 
through an increase in transcription of the normal allele. The mutant zeste 
allele, z1, had no influence on the dominance effect. To test whether the 
effect was pairing dependent, two transposition stocks were obtained in 
which the Gpdh locus had been transposed from its normal position in the 
left arm of chromosome II to the left arm of the same chromosome, and to 
the right arm of chromosome III. Unfortunately, heterozygotes between 
AT198 and the Tp(2,2) transposition were found to be paired in almost every 
cell examined, and heterozygotes with the Tp(2,3) transposition were paired 
in 50 percent of cells. In both kinds of transposition heterozygote the 
dominance effects was unaltered. Further investigations are required to 
critically test whether or not synapsis influences the dominance effect. 
Although the evidence implicates the partial P element insertions as the 
cause of both reduced GPDH activity in homozygotes and over-expression in 
heterozygotes, it is uncertain how these effects arise, whether via a physical 
mechanism or through some intrinsic property of the partial P elements. 
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CHAPTER 1: 
GENERAL INTRODUCTION 
The classical genetic approach to the analysis of enzyme function has 
been to artificially induce mutations which affect the production of enzyme and 
then to analyse the structure of the mutant gene(s) and the protein products. 
Drosophila melanogaster has been extensively used for such work because of 
the facility with which it can be genetically manipulated and the relative ease 
with which mutations can be induced. Examples of this type of work include 
studies of the alcohol dehydrogenase gene (Aaron, 1979; Kelley et al., 1985) and 
the dopa-decarboxylase gene (Eveleth and Marsh, 1986). These studies have 
typically used X-rays, EMS or formaldehyde to induce mutants which lack 
enzyme activity, in the hope that in addition to mutations in the structural 
gene there will also be some mutations in regions controlling gene expression. 
In addition to artificially induced mutations, attention has recently 
focussed on naturaHy occurring variants with null or reduced activity, as they 
might provide a different spectrum of mutations from those artificially 
produced in the laboratory using the common mutagens. For example, new 
autosomal mutations in loci coding for enzymes in natural populations are 
protected to some extent because they first occur as heterozygotes and their 
phenotypic effects may be partially rescued by the normal allele. It is also likely 
that the mutagens to which natural populations are exposed may well differ 
from those used in laboratory experiments and hence different mechanisms 
may operate to produce a different spectrum of mutations. For example, 
mutations in D.melanogaster natural populations may have been caused by one 
of the 40 or more families of transposable elements. Many of these elements 
are transcribed during development, and depending on where they insert (eg: 
adjacent to or within other transcription units), may alter the expression of 
genes at particular developmental stages (Ashburner, 1989). It has been argued 
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(Finnegan and Fawcett, 1986) that the vast majority of spontaneous mutations 
in D.melanogaster are caused by the insertion of mobile elements. However, 
there is little direct evidence to show that mobile elements have a significant 
effect on mutation in natural populations, but this is mainly because the 
appropriate experiments have not been carried out. Only one example has been 
reported and that involves singed mutations, but these have not been critically 
investigated (Berg, 1974; Golubovskii and Belyaeva, 1985). 
In most surveys of electrophoretic variation in natural populations null 
or low activity alleles are often undetected because the null/ active allele 
heterozygote is frequently indistinguishable from an active allele homozygote. 
However, Voelker et al. (1980) and Langley et al. (1981) carried out extensive 
surveys designed specifically to detect null alleles at 25 allozyme loci in 
D.melanogaster populations from Raleigh, North Carolina and London, UK. 
They found that of all the loci tested, the highest frequency of null alleles - 0.83 
percent - was at the Gpdh locus, with the average frequency over all loci tested 
0.24 percent. Subsequent analyses by Burkhart et al. (1984) showed that the null 
alleles at the Gpdh locus were more heterogeneous in their properties than low 
activity alleles at any other loci. Later surveys by Freeth and Gibson (1985) and 
Gibson et al. (1991) of Australian natural populations, designed to detect null 
and low activity alleles at the Adh and Gpdh loci, observed even higher 
frequencies of putative null alleles at the Gpdh locus, ranging from 0.2 to 2.7 
percent (average of 1.6 percent) and this was interesting given the important 
role of sn-glycerol-3-phosphate (GPDH) in insect metabolism. 
GPDH is involved in the sn-glycerophosphate cycle and catalyzes the 
reduction of dihydroxyacetone phosphate (DHAP) to sn-glycerophosphate, and 
the reverse reaction, in the soluble cytoplasmic fraction of the cell (Figure 1.1). 
In D.melanogaster the two main functions of the enzyme are to provide sn-
glycerophosphate for lipid biosynthesis (Gilbert, 1967), and to provide reducing 
2 
equivalents to the electron transport chain for use in flight metabolism 
(Sacktor, 1965). O'Brien and MacIntyre (1972) were able to demonstrate in three 
induced CRM+ve mutants that the absence of GPDH activity is not lethal, 
however, the biological importance of the enzyme in D.melanogaster is 
underlined by the fact that at least some null activity mutants are unable to fly 
(O'Brien and Shimada, 1974). 
The variability that has been detected at the Gpdh locus in natural 
populations is somewhat surprising given that the GPDH enzyme is highly 
conserved in Dipterans. For example there is 98 percent amino acid sequence 
homology between D.melanogaster and D.virilis. (Arai et al., 1988). This high 
level of conservation extends beyond insects with 67 and 65 percent amino acid 
homology between the enzymes from D.melanogaster and the mouse (Dobson 
et al., 1987) and rabbit (Otto et al., 1980) respectively. The relatively slow rate of 
evolution of GPDH has been compared to that of cytochrome c whose amino 
acid sequence is also highly conserved (Collier and MacIntyre, 1977). 
In D.melanogaster, sn-glycerol-3-phosphate dehydrogenase exhibits 
differential expression at different life stages and in different tissues (Wright 
and Shaw, 1969; Sacktor, 1965; Bewley, 1983; Sullivan et al., 1983). GPDH is 
present as three isozymes designated GPDH-1,-2 and -3, each of which has a 
different metabolic role (Wright and Shaw, 1969). Throughout the larval 
instars, only GPDH-3 is expressed, and hence it is referred to as the larval form. 
In adults, the level of GPDH is greatly increased with all three isozymes 
expressed. Most of the GPDH-3 in larvae is found in the fat body and 
malpighian tubules, while in adults, GPDH-3 is present at its highest level in 
the fat body in the abdomen. GPDH-1 is the dominant isozyme in adults, 
occurring in the thoracic flight muscle (Sacktor, 1965). GPDH-2 is a minor form 
and is found at low concentrations in the same tissues of the adult where 
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It has been suggested that GPDH-2 might represent a heterodimer between 
GPDH-1 and -3 (Wright and Shaw, 1969), however, data involving the analysis 
of mRNA transcripts (Cook et al. 1988) implicates GPDH-2 as a distinct protein 
isoform. 
GPDH-1 and -3 occur. Each of the three isozymes can be distinguished by 
electrophoresis and staining on a cellulose acetate membrane (Figure 1.2). 
The molecular weight of both GPDH-1 and GPDH-3 has been 
determined to be about 66000 daltons (Bewley et al. 1974; Rechsteiner, 1970; 
Collier et al., 1976) and the enzyme is thought to be only active as a dimer 
(Miller and Berger -quoted in Bewley, 1983). GPDH-1 and GPDH-3 differ in their 
amino acid sequences at the COOH-terminal end, with GPDH-1 being extended 
relative to GPDH-3 by the three amino acid sequence Glu-Asn-Leu-COOH 
(Neisel et al., 1982). These results, in addition to work done by Grell (1967) who 
demonstrated the co-ordinate change in position of all three isozymes with 
respect to one another in two electrophoretic variants, suggests that the three 
isozymes are encoded by the same structural gene. Kotarski et al. (1983a) used 
deletions to map the chromosomal region around the Gpdh locus which was 
localized to a single polytene band at position 25F5 on chromosome 2. 
Interest has recently focussed on analyses of induced null and low 
activity variants at the Gpdh locus in the hope that some of the responsible 
mutations may be in regulatory regions and hence help to explain how the 
expression of the gene is controlled. O'Brien and Macintyre (1972) investigated 
four EMS induced mutants and found that, as hemizygotes, three of these 
mutants had less than 4 percent of wild-type enzyme levels, and the other had 
12 percent of normal GPDH levels. Based on the electrophoretic pattern of 
enzyme from heterozygotes they were able to speculate that two of these 
mutants (B0-0: 4% GPDH activity; B0-1-5: 12% GPDH activity) might have 
arisen through missense or nonsense mutations resulting in an relatively 
inactive protein. 
Bewley et al. (1980) examined a range of induced (EMS and y-
irradiation) and spontaneous mutants, which included both CRM+ve and 
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CRM-ve alleles, using rocket immunoelectrophoresis, interallelic 
complementation and two-dimensional electrophoresis. Based on these data, 
they postulated that all of the CRM+ve mutants arose through missense 
mutations where a neutral amino acid substitution had occurred and had 
partially affected the protein stability. In contrast, the CRM-ve mutants were all 
believed to have changes in the structural element, causing a more drastic 
alteration in the final conformation of the transcribed GPDH polypeptide. They 
argued that this change might re!lder the polypeptide more susceptible to the 
normal cellular degradative processes, and this could account for the lack of 
accumulated protein (ie: CRM-ve) (Bewley et al., 1980). 
Kotarski et al. (1983b) investigated thirty nine Gpdh induced mutants 
with respect to their levels of enzyme activity, viability and flying ability. They 
found that 25 of the mutants possessed some GPDH activity which ranged up to 
78.5 percent. Three of the mutants were CRM-ve and were postulated to arise 
through a defect in transcription rather than translation. Kotarski et al. (1983b) 
also speculated that some of the CRM+ve mutants could have alterations in 
regulatory elements which might lead to reduced expression of GPDH. With 
regard to the 17 mutants that produced GPDH CRM and had altered 
electrophoretic mobilities, the causal lesions were predicted to be within the 
GPDH structural gene. 
There is therefore no clear evidence from any of these studies of 
regulatory mutants at the Gpdh locus. There is, however, evidence (Lee et al., 
1980; Burkhart et al., 1984) that the naturally occurring low activity Gpdh 
variants reported by Voelker et al. (1980) and Langley et al. (1981) are 
heterogeneous in their properties, although, there are no data on these variants 
at the molecular level to verify this. My studies have been aimed at analysing 
the molecular structures of a selection of Gpdh low activity variants isolated 
primarily from Australian populations, to determine molecular causes of the 
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Despite having no molecular data for the Raleigh (NC) low activity GPDH 
alleles, Langley et al. (1981) were able to classify them into four distinct groups 
based on allozymic phenotype. Four of the variants showed weak GPDH 
activity over a chromosomal deficiency for the Gpdh locus and accordingly 
were grouped together. Two variants showed some heterodimer activity over 
another Gpdh allele, and one variant showed no activity in either case. 
low activity and to assess directly the extent of heterogeneity. This work became 
possible when the Gpdh gene was cloned. 
Cook et al. (1986) cloned Gpdh using a mixture of synthetic 
oligonucleotides whose sequences were derived from the known amino acid 
sequence of GPDH as a hybridisation probe. Cook et al. (1988) were then able to 
investigate transcription at the Gpdh locus, and subsequently determine that 
three transcripts are produced which differ in their 3'-untranslated regions. As 
indicated in Figure 1.3, termination codons and poly (A)+ signals were found in 
exons 6, 7 and 8. Synthetic oligonucleotides, made to correspond to unique 3'-
regions of each RNA class, were used as probes and demonstrated that the 
regulated expression of the GPDH-1 and GPDH-3 isozymes correlated well with 
transcripts made using the internal splicing sites in exons 8 and 6 respectively. 
Bewley et al. (1989) reported that each of the three isozymic transcripts are 
derived from the same start site indicating that the same promoter was used. 
von Kalm et al. (1989) and Bewley et al. (1989) confirmed the presence of seven 
intrans/ eight exons and described the genomic DNA sequence of the complete 
transcription unit. Based on sequence homology to known regulatory elements 
they also identified a putative TATA box promoter (TTATATTA), a CAAT box 
and a cAMP regulatory motif. 
~ Langley et al. (1981) were able to class the seven Raleigh (North Carolina) low 
activity Gpdh alleles into three groups based on allozymic phenotype. Four 
showed weak GPDH activity as heterozygotes with a chromosome deficiency for 
the G pd h locus, one showed no activity as a heterodimer with the 
11'1 he-~_'.j :30 ~ Wrrha v'\.af'OH~( ~(le(e, 
chromosomal deficiency., and two showed weak heterodimer activi1 Of the 
three low activity alleles from London (UK) described by Voelker et al. (1980), 
two showed some heterodimer activity and one showed weak activity as a 
hemizygote. Lee et al. (1980) analysed CRM levels in the Gpdh low activity 
alleles isolated by Langley et al. (1981) and found that five of the naturally 
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occurring mutants expressed inactive GPDH protein; up to 64 percent of the 
normal levels of CRM. Northern blots done by Cook et al. (1988) showed that 
two other low activity Gpdh variants produced low levels of mRNA, however, 
no other molecular analyses had been undertaken on these variants. 
Analyses of the Gpdh null alleles isolated from Australian natural 
populations by Freeth and Gibson (1985) showed that all of them produced 
some CRM and had low levels of GPDH activity. The variants detected in those 
surveys were classified into four categories, based solely on the electrophoretic 
phenotype of the variant when heterozygous with one of the control alleles, 
Gpdhf or Gpdhs. The first group included those variants with novel 
phenotypes as heterozygotes, and this suggested that they were alleles which 
encoded enzyme with altered electrophoretic mobility relative to the control 
alleles. A second group did not produce any homodimer or heterodimer 
enzyme in heterozygotes with either control allele and hence appeared to be 
true null alleles. The third category displayed heterozygote phenotypes in 
which the variant allele gave rise to significantly lower GPDH activity than the 
control. A fourth group, comprising the most common low activity variants 
with an overall frequency of 0.114 were identified because they produced 
unusual heterozygous phenotypes (discussed in detail in Chapters 5 and 6) that 
was later shown to be caused by a trans-acting phenomenon (Gibson et al., 1986). 
I have analysed representatives from two of these groups. The variant 
alleles, ACyg22 and AMBS, were initially categorised as null activity alleles but 
they both show low levels of active GPDH protein when electrophoresed and 
stained on a cellulose acetate membrane. The third variant, AT198, is from the 
category of variants found relatively frequently in natural populations. In 
addition to having low GPDH activity, these variants show differential allelic 
expression in heterozygotes. It is likely that molecular analyses of these low 
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activity variants will provide information on the mechanisms controlling the 
expression of this biologically important enzyme. 
The origins of the Gpdh variants that I have studied are described in 
detail in Chapter 2. The molecular structure of the ACyg22 allele is described in 
Chapter 3. As there was controversy in the literature about the Gpdh 
transcription initiation site I investigated this using the allele AMB5 and also 
an allele from a strain with normal activity and these analyses are given in 
Chapter 4. Chapters 5 and 6 describe the results of analyses of the structure of 
the genes in the common category of Gpdh low activity variants represented by 
AT198. I have begun each chapter of the results sections with an introduction 
pertinent to the experiments described. 
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GPDH catalyzes the reaction dihydroxyacetone phosphate+NADH+H + to a -
glycerophosphate+NAD+. This reaction within the cycle suggests that GPDH serves a central 
role in either carbohydrate metabolism or lipid biosynthesis or is involved in both. 
(Figure taken from Bewley and Miller, 1979.) 
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Figure 1.3 The molecular structure of Gpdh. 
The exon/intron structure of Gpdh showing the pattern of differential splicing which is 
postulated to lead to the three GPDH isozymes (Cook et al., 1988). The stippled areas indicate 
protein coding regions; the open boxes are non-coding regions; the arrows represent the 
polyadenylation sites; the single lines are introns and the termination codons are depicted as 
T AA. The transcript terminating in exon 7 has not yet been assigned unambiguously to an isozyme 
so that the origin of GPDH-2 is controversial. 
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CHAPTER 2: 
MATERIALS AND METHODS 
2.1 The origins of the Gpdh low activity variants 
Most of the Gpdh low activity variants I have analysed were detected 
and isolated by Gibson et al., 1986; 1991 in their surveys of 5018 alleles from 11 
populations in Australia. I chose to study a sample of the alleles which they 
had isolated and maintained in the laboratory and these are described below:-
ACyg22 - This Gpdh allele was isolated from the Cygnet (Tasmanian) 
population in 1984. It was believed to be a GPDH null activity allele but it was 
later shown to produce some CRM and GPDH activity. ACyg22 is maintained 
in the laboratory as a homozygote. 
AMB5 - This Gpdh allele was isolated from the Mission Beach (Queensland) 
population in 1986. It has been cloned and sequenced (Reed, 1989) and found to 
have a 74-bp deletion/20-bp insertion in the 5' region which removes the 
normal wild-type TATA box (shown in bold lettering below). AMBS is 
maintained in the laboratory as a homozygote. 
Position of the 74-bp deletion/20-bp insertion in AMB5. The sequence 
alteration is 18-bp 5' to the transcription initiation site (See Chapter 1). 
TCTCTCTCTCTTCGCAATCGCAACGATTTGTTGTTGGC 
CGCAGTGCTTGTTTTGCTTATATTAGCATGTGTGGA 
TATTATCCTTATTTCATCAT 
12 
3' 
AT198 - This Gpdh allele was isolated from the Tamar (Tasmanian) population 
in 1984 and is representative of a category of low activity variants found in 
natural populations at a frequency of 0.114 (Gibson et al., 1986). It was shown to 
produce about 50 percent of normal GPDH activity and gave an unusual 
electrophoretic pattern when heterozygous with a normal allele. A Tl 98 is 
maintained in the laboratory as a homozygote. 
ACygB - This Gpdh allele was isolated from the Cygnet (Tasmanian) population 
in 1983 and was shown by Gibson et al. (1991) to have similar properties to 
AT198. ACygB was maintained in our laboratory heterozygous with CyO and 
ACygB/Df(2L)GpdhA (Lindsley and Grell, 1968) heterozygotes were produced for 
DNA extractions. 
ACyg83 - This Gpdh allele was isolated from the Cygnet (Tasmanian) 
population in 1984 and was shown by Gibson et al. (1991) to have similar 
properties to AT198. ACyg83 was maintained in our laboratory heterozygous 
with CyO and ACyg83/Df(2L)GpdhA (Lindsley and Grell, 1968) heterozygotes 
were produced for DNA extractions. 
AA V65 - This Gpdh allele was isolated from the Avondale (Tasmanian) 
population 1985 and was shown by Gibson et al. (1991) to have similar 
properties to AT198. AAV65 was maintained in our laboratory as a 
homozygote. 
AK0107 - This Gpdh allele was isolated from the Cardwell (Queensland) 
population in 1988 and was shown by Gibson et al. (1991) to have similar 
properties to AT198 . AK0107 was maintained in our laboratory as a 
homozygote. 
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H31 - This Gpdh allele was isolated from the Huonville (Tasmanian) 
population in 1984 and was shown by Gibson et al. (1986) to have similar 
properties to AT198. H31 was maintained in our laboratory as a homozygote. 
GB2 - This Gpdh allele was isolated by Langley et al. (1981) and shown by Gibson 
et al. (1991) to have similar properties to AT198. GB2 was maintained in our 
laboratory heterozygous with CyO and GB2/Df(2L)GpdhA (Lindsley and Grell, 
1968) heterozygotes were produced for DNA extractions. 
ACB and ACS are normal activity alleles, isolated from the Cygnet (Tasmanian) 
population in 1984. They are both maintained in our laboratory as 
homozygotes. 
The transposition stocks, Tp(2;2)dpp74: 22Fl-2; 26AB; 29DE and Tp(2;3)dpp72 : 
22Fl-2; 34B; 81F were obtained from Prof. W. Gelbart and were maintained in 
our laboratory heterozygous with CyO. The transposition stocks were made 
heterozygous with Df(2L)GpdhA and these flies were used for assaying GPDH 
activity. 
All fly stocks and crosses were maintained at 25±1 °C on our standard food 
media [agar - 10g; glucose - 50g; maize meal - 50g; sucrose - 26g; wheat germ -
22.Sg; yeast - 6g in one litre of water with 12.5ml of acid mix (42% propionic acid, 
4% orthophosphoric acid)]. Flies for GPDH assays were usually derived from 
single pair cultures made on high protein food (see section 2.2.2). 
14 
2.2 Detection of GPDH protein 
2.2.1 Electrophoresis of GPDH 
Cellulose acetate membranes (Chemetron) were pre-soaked in running 
buffer (126mM Tris-HCl, pH 6.6, 42mM citric acid, 9.26mM 
ethylenediaminetetraacetic acid (EDTA)) for at least 15 minutes before use. 
Single flies were then macerated in approximately 9µ1 of distilled water and 
applied to the membrane. Electrophoresis was carried out at 8mA (480V) for 
one hour, and membranes were then stained in lOOmM Tris-HCl, pH 8.6, 
containing DL-glycerophosphate (7mg/ml), NAD (2mg/ml), 2,5-
diphenyltetrazolium bromide (0.Smg/ml), phenazine methanosulphate 
(0.0lmg/ml) and EDTA (2mg/ml). The membranes were then washed in water 
after 2 to 3 minutes to stop the staining and GPDH phenotypes were scored. On 
all gels single fly homogenates from each of the two control lines were applied, 
ACB (electrophoretically slow) and ACS (electrophoretically fast). 
2.2.2 Preparation of flies for assay 
Cultures that were to be used for GPDH assays were established by 
placing single fertilised females from the homozygous stock cultures on high 
protein food recipe (agar - 10g; sucrose - 15g; HiPro - 10g; malt - 40g and yeast -
35g in one litre of water with 4.5ml propionic acid) for four days at 25°C. Male 
progeny which emerged were aged on fresh media for 7-10 days at the same 
temperature. For assays that required heterozygote flies (e.g.:Df(2L)GdhA/ +, SI+ 
and F / +) female virgins were collected from one of the lines and single pair 
crosses were made on high protein food at 25°C. The parents were removed 
after 4 days, and the male progeny collected and aged for 7-10 days before assay. 
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2.2.3 Preparation of assay extracts 
10 males were cold anaesthetised and weighed . They were then 
homogenised in a chilled glass homogeniser in cold grinding buffer (O. lM 
potassium phosphate buffer, pH 7.1 containing lOmM EDTA and l.OSmM DTT) 
to a final concentration of lOmg/ml live weight. The homogenates were spun 
at 12000rpm (Sorvall SM-24 rotor) for 30 minutes at 4°C, after which the 
supernatant was decanted and kept on ice until assayed. For each cross two sets 
of flies were collected from each of four or five replicate cultures. Flies from the 
control lines, ACB and ACS, were prepared and assayed the same way. In cases 
where the GPDH activity was found to be low, the extract volume was increased 
and the buffer volume decreased accordingly. 
Activity was measured in 1ml of reaction mix which contained 4.SmM 
NAD, 4.8mM DL-a-glycerophosphate, assay buffer (0.lM glycine, pH 9.5) and 
40µ1 extract. The reaction was done at 29°C at 340nm and the NADH 
production was monitored over 2-3 minutes on a Gilford 250 
Spectrophotometer. Each extract was assayed twice. One unit of activity was 
defined as the increase in absorbance at 340nm of 0.001/minute at 29°C. The 
enzyme activity was expressed as units per milligram live weight and was 
termed activity units. 
2.3 Extraction of DNA 
Prior to extracting DNA the flies were straved for two to four hours. 
Genomic DNA was isolated using the method of Chia et al. (1985) . 
Approximately fifty adult flies from an appropriate stock were quickly frozen by 
submerging in liquid nitrogen. Using a tapered glass grinder they were 
homogenised in 350µ1 of grinding buffer (lOmM Tris-HCl, pH 7.5; 60mM NaCl; 
lOmM EDTA; O.lSmM spermidine; O.lSmM spermine; 5%w/v sucrose). A 
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further 350µ1 of the extraction buffer (0.2M Tris-HCI, pH 9.0; 30mM EDTA; 
2%w /v sodium dodecyl sulphate (SDS); 200µg/ml proteinase K; 5%w /v 
sucrose) was added and mixed before the homogenate was incubated at 37°C for 
2 hours. The mixture was then extracted with 700µ1 of neutralized phenol and 
spun in an eppendorf bench centrifuge (12K; 5 minutes). The aqueous phase 
was re-extracted with an equal volume of phenol/chloroform (1:1). The 
subsequent aqueous phase was precipitated at -20°C for 20 minutes using the 
following standard ethanol precipitation procedure. One-tenth volume 3M 
sodium acetate, pH 5.2, and two volumes of chilled ethanol were added and 
mixed. The precipitate was collected after centrifugation for 10 minutes in an 
eppendorf bench centrifuge at 4°C, and the pellet was washed once with 70% 
ethanol and dried in a dessicator for 12 minutes. The DNA was resuspended in 
200µ1 of TE buffer (lOmM Tris-HCl, pH 8.0; lmM EDTA) prior to the addition of 
1µ1 RNAse (10mg/ml) and incubation at 37°C for 30 minutes. 
The concentration of extracted DNA was estimated by comparison on an 
agarose gel with a i<nown lambda DNA (Boehringer Mannheim) dilution 
series, or occasionally by using the DNA dipstick method (Invitrogen). 
2.4 The Polymerase Chain Reaction 
2.4.1 Purification of oligonucleotide primers 
The oligonucleotide primers used in the polymerase chain reaction 
,, 
(PCR) and for sequencing were prepared by the DNA/Protein Facility, John 
Curtin School of Medical Research on an Applied Biosystems 380B DNA 
synthesizer. The primers were obtained in about 3.5ml of a concentrated 
ammonia solution. This was aliquoted equally into 10 tubes (about 350µ1 each) 
which were spun in a vacuum centrifuge for 2 hours to evaporate the 
ammonia. The pellets were resuspended in 150µ1 sterile water, and spun for 
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another 2 hours under vacuum. Only one of the aliquots was resuspended in 
290µ1 TE for use as a working sample, and the rest were stored dry at -20°C. The 
concentration of the working sample was measured at OD260· Primers for 
sequencing and PCR were used at concentrations of lpmol/µl and 20pmol/µl 
respectively. 
2.4.2 Amplification of DNA fragments 
The polymerase chain reaction is an in vitro method for amplifying 
DNA fragments of a defined length from small amounts of template (Saiki et 
al., 1988). A double-stranded DNA template was added to a mix containing a 
pair of primers (0.lnmole each), four deoxynucleotide triphosphates (200µM 
each dNTP; Boehringer Mannheim), 10µ1 lOXreaction buffer (SOOmM KCI; 
lOOmM Tris-HCI, pH 8.3; lSmM MgCI2; 0.1 % w /v gelatin), Taq polymerase 
(2.SU) and sterile water to make the final volume 100µ1. 100µ1 of mineral oil 
(Perkin-Elmer) was overlayed on each sample to prevent evaporation. A 
typical PCR cycle takes place in three stages: the reaction mixture is heated to 
94°C to denature the template; the temperature is decreased to 60°C to allow the 
primers to anneal to the template; the temperature is increased to 72°C to 
enable the polymerase to extend from the primer along the template. A DNA 
Thermal Cycler (Perkin-Elmer Cetus) allows for controlled variation in the 
time and temperature parameters. The usual cycle values used for my work 
were as follows: 1 minute for denaturation of DNA at 94°C, 2 minutes for 
annealing of the DNA and primers at 60°C and 3 minutes for primer extension 
at 72°C, but other parameters were used in some cases and are noted where 
relevant. An extension step of 72°C for 7 minutes was routinely added at the 
completion of the 35 cycles. On completion of the PCR, the samples were 
cooled to room temperature before being removed from under the oil layer 
using a pulled pasteur pipette. Each sample was electrophoresed on a 2% 
agarose gel to determine the relative yield and size of DNA. 
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2.5 Gel electrophoresis 
2.5.1 Digestion of DNA and separation of DNA fragments on an 
agarose gel 
Restriction enzyme digests were done in 10Xdigestion buffer (high, 
medium or low salt concentration as recommended by the manufacturer) . The 
DNA fragments were separated on the basis of size by electrophoresis in an 
agarose gel (0.5-1.5%; SeaKem ME). The DNA was visualised by staining with 
ethidium bromide (0.01 %), which fluoresces under the ultraviolet light emitted 
from a transilluminator (305nm). The ethidium bromide was added both to the 
gel and the T AE running buffer (0.04M Tris-HCl, pH 7.8; 5mM sodium acetate; 
lmM EDTA). DNA fragments of known sizes were also run in the same gel to 
provide markers. Three sets of DNA 'markers' were used depending on the 
required sizes. They were phage lambda DNA (Boehringer Mannheim) cut 
with Hind III, Spp-1 DNA (Bresatec) cut with Eco RI, and q>X174 phage DNA 
(Bresatec) cut with Hae III (see Appendix A for sizes of respective fragments). 
All samples of DNA, including marker DNA, were mixed with one-fifth 
volume of sample loading dye (30% sucrose; 0.09% bromophenol blue; SOmM 
EDT A) before loading. The results were recorded on Polaroid Type 55 film. 
2.5.2 Isolation of DNA fragments using 'Genedean' (Bio 101, Inc.) 
Sometimes it was necessary to isolate DNA from a gel. The required 
band was excised from a lXT AE gel and cut into small pieces. The agarose was 
weighed and 2.5 to 3 volumes of Na! stock solution was added. The sample was 
incubated at 50°C for 5 minutes, and inverted every minute to dissolve the 
agarose. 5µ1 of the glassmilk (silica matrix) suspension was added to the 
solution which was left on ice for 5 minutes to enable the DNA to bind to the 
beads. The glass beads were collected after centrifugation in an eppendorf bench 
centrifuge for 5 seconds. 700µ1 of NEW wash was used to resuspend and wash 
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the beads, and the wash was then removed after spinning the beads down 
again. This washing step was repeated three times. Elution of the DNA took 
place at 50°C for 3 minutes in 10µ1 of TE buffer, and the DNA solution was 
collected after a brief centrifugation. 
2.6 Hybridisation of genomic and cloned DNA 
2.6.1 Southern blotting and hybridisation 
DNA was transferred from 1 % agarose gels to nitrocellulose membranes 
using the method described by Maniatis et al. (1982). The only modification 
used was that the gel was soaked for one hour in Blot 1 (0.8M NaCl; 0.4M 
NaOH) solution and one hour in Blot 2 solution (I.SM NaCl; O.SM Tris-HCl, pH 
7.4) before the transfer. When the membranes had been blotted dry, they were 
baked for 3-4 hours at 80°C under vacuum to irreversibly bind the DNA. 
Before pre-hybridisation, the filters were soaked in 2XSSC (0.27M 
sodium chloride; 0.027M sodium citrate) They were then pre-hybridised at 65°C 
for 1 hour in a plastic bag with 20-25ml of solution containing lOXDenhardt's 
solution (Denhardt, 1966: 3XSSC; 0.02% Bovine Serum Albumin; 0.02% Ficoll 
400; 0.02% polyvinylpyrrolidone) with 30µg/ml of heat denatured herring 
sperm DNA. The bag was then cut open and the denatured probe added before 
resealing the bag. Hybridisation was carried out at 65°C for 14-16 hours. The 
filters were then washed three times, each time at 65°C for 45 minutes in a 
solution of 2XSSC/ 0.1% SDS/ 0.1% sodium pyrophosphate. After washing, the 
filters were blotted dry and wrapped in plastic film. They were put in light 
proof cassettes with a sheet of X-ray film (Kodak, XRP-1) and sandwiched 
between intensifying screens (Maniatis et al., 1982). The cassettes were placed at 
-70°C for an appropriate time (usually overnight) before the film was 
developed. 
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When hybridisations were done in a hybaid oven, the filter was rolled 
up with a sheet of mesh and incubated in a glass bottle. The treatment of the 
filter, hybridisation temperatures and hybridisation solutions were the same as 
those just described. 
2.6.2 Phage plaque hybridisation 
After overnight incubation, plates containing recombinant plaques were 
chilled at 4°C for 2 hours to harden the top agarose. A marked nitrocellulose 
disc (Schleicher and Schuell, West Germany) was placed onto each plate and 
allowed to stick to the surface. The disc markings were traced onto the bottom 
of the plate which made it possible to re-align them later with the 
autoradiograph obtained from the filters. After 10 minutes each disc was 
removed from the plate and washed in Blot 1 solution for 5 minutes. This was 
then followed by washes in Blot 2 and 2XSSC solutions for 5 and 10 minutes 
respectively. The membranes were then blotted dry and baked for 3-4 hours at 
80°C under vacuum to irreversibly bind the DNA. The hybridisation procedure 
was the same as that described for Southern blots in section 2.6.1. 
2.6.3 Labelling of nick translated DNA probes 
The double-stranded DNA probes used to hybridise to the Southern 
blots and the phage plaque nitrocellulose discs were usually made by nick 
translation. In this procedure DNase introduces random nicks into the DNA 
which are then "filled" by DNA polymerase I action. The DNA can be labelled 
if one of the incorporated nucleotides is radioactive. 5µ1 nick translation buffer 
(O.OSM Tris-HCl, pH 7.2; O.OlM MgS04; lmM Dithiothreitol (DTT); O.OSmg/ml 
BSA), 10µ1 probe DNA and 4µ1 dATP, dGTP, dTTP mix (20mM each) were 
mixed in an eppendorf tube. 1µ1 DNA polymerase I (10U; Bresatec) and 2µ1 
DNase (O. lµg/ml) were then added and the volume was made up to 47µ1 with 
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distilled water. Finally, 3-4 µI labelled a.32P-dCTP (30-40µCi) (Amersham) was 
added. The probe was first incubated at 14°C for 2 hours to allow incorporation 
of the labelled nucleotide, and then at 65°C for 10 minutes to inactivate the 
enzymes. To remove any unincorporated nucleotides, the probe was passed 
through a Sephadex G-50 (Sigma) column by centrifuging at 2000rpm for 5 
minutes in a bench centrifuge. A Geiger counter reading was made on a 10µ1 
sample to check the amount of incorporation (the reading was typically in the 
range 400-SSOcpm). The probe was boiled for 6 minutes to make the DNA 
single-stranded, and then left on ice for a further 5 minutes before being added 
to the bag containing the filter and the pre-hybridisation buffer mix. 
2.6.4 Labelling of oligonucleotide probes 
Oligonucleotide probes are end-labelled by mixing the follow on ice: 2µ1 
500mM Tris-HCl, pH 9.0, 2µ1 lOOmM MgCl2, 2µ150mM DTT, lµl oligonucleotide 
probe DNA (-0.04µg), 9.5µ1 sterile water, 0.5µ1 T4 polynucleotide kinase (lOU/µl) 
and 3µ1 y32P-ATP. After spinning briefly in a microfuge, the probe is incubated 
at 37°C for 30 minutes and then 70°C for 5 minutes. It can be stored on ice until 
used. 
2.6.5 Restriction fragment mapping using Southern blots 
The sizes of the bands observed in Southern blot experiments were 
determined graphically from a semi-logarithmic plot of standard marker DNA 
fragments (kilobases) versus relative mobility (centimetres). By analysing the 
fragments produced both by single and double digests (simultaneous digestion 
of the one extract with two enzymes) it was possible to deduce the relative 
locations of many of the endonuclease cleavage sites. As more pairwise 
combinations of enzyme digests were made, the number of defined sites 
increased, until eventually no ambiguities remained. For relatively large DNA 
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regions the less frequently cutting hexanucleotide enzymes were used, while 
tetranucleotide recognition endonucleases were used for fine mapping of 
smaller sections of DNA. The technique identifies three kinds of structural 
changes in the DNA - insertions of extra DNA sequences, deletions of DNA 
sequences and changes in the positions of restriction endonuclease recognition 
sites. 
2.7 Dot blots of PCR amplified DNA 
Primers were synthesised which were complementary to sequences on 
either side of the 5' insertions in AT198, ACygB, ACyg83, AAV65, AK0107 and 
GB2. Using the polymerase chain reaction (2.4.2), these regions were then 
amplified with a modification of the cycle parameters as follows: the reaction 
mixture was heated to 94°C for 30 seconds to denature the template; the 
primer/template annealing step was carried out at 61°C for 1 minute, and the 
extension of the primer was done at 72°C for 1 minute. These three stages 
constituted one cycle.. An additional extension step of 72°C for 7 minutes was 
done at the completion of the run and a total of 35 cycles was used for each run. 
For most of the variants, the primers JG61 and JG 56 (see Figure 5.8) were able to 
be used, however they were not successful for AK0107 and GB2. In these cases 
a range of primers were used to produce fragments which together covered 
almost all of the insertion. 
A nitrocellulose membrane was cut and marked at regular intervals. 
DNA (about O.lµg of the PCR amplified DNA or the cloned P element (p,c25.1 -
O'Hare and Rubin, 1983 - to be used as a control) was applied to the filter and 
left to air dry for approximately 10 minutes. The filters were then soaked in a 
solution of Blot 1 for 20 minutes, followed by Blot 2 for 3 minutes. To 
irreversibly bind the DNA to the nitrocellulose, the filters were baked in a 
vacuum oven at 80°C for 2 hours. After baking, the filters were hybridised and 
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washed essentially as described in section 2.4.1. The three probes that were used 
were: a cloned P element (pir25 .1), a 0.7-kb Pst I fragment which was excised 
from this clone, and a region of DNA from the standard ACB line which 
incorporated the insertion site (see Figures 5.5 and 5.7 for probe positions). 
2.8 RNA analysis 
2.8.1 Total RNA extraction 
For all RNA extraction work, glassware was baked and solutions were 
sterilized. DEPC treated (0.1 %) autoclaved water was used where possible and 
equipment unable to be sterilised was wiped thoroughly with ethanol to 
prevent contamination from nucleases. Approximately fifty adult flies from an 
appropriate homozygous stock were submerged, in an eppendorf tube, in liquid 
nitrogen for quick freezing. Using a tapered glass grinder they were 
homogenised in 500µ1 of grinding buffer (lOOmM Tris-HCl, pH 7.5; lOmM 
EDTA, pH 7.5; 350mM NaCl; 2% SDS; 7M urea). The homogenate was extracted 
twice by adding 500µ1 of a phenol/ chloroform mix (1:1), inverting and spinning 
at room temperature for 10 minutes. Finally the aqueous phase was 
precipitated by adding two volumes of chilled ethanol and leaving at -90°C for 
30 minutes. The RNA was pelleted by spinning for 15 minutes in a microfuge, 
washed in 70% ethanol, dried under vacuum for 12 minutes then resuspended 
in 100µ1 of sterile water. 
2.8.2 Poly (A)+ RNA extraction 
The appropriate stock of flies were grown at 25°C and O.Sg of adults were 
quickly frozen by immersion into liquid nitrogen. The "Quick Prep" extraction 
kit (Pharmacia) was used and the manufacturer's instructions were followed. 
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2.8.3 N orthem blotting 
5µ1 of total or poly A+ RNA was mixed with 4µ1 de-ionised glyoxal, 10µ1 
de-ionised DMSO and 2µ1 sodium phosphate buffer (lOOmM, pH 7.0) and 
incubated at 50°C for one hour (the glyoxal and DMSO were de-ionised using a 
mixed bed resin; Bio-Rad AG501-X8 D). 2µ1 of loading dye (50% glycerol; 5% 
SOmM NaP04, pH 7.0; 0.09% bromo-phenol blue) was added to each sample 
before they were loaded onto a 1 % agarose gel (lOmM sodium phosphate buffer, 
pH 7.0) . The gel was run overnight at 40mA, 35V and then the RNA was 
transferred, by blotting, to a nitrocellulose filter placed on top. The procedure 
for blotting and treatment of the nitrocellulose prior to hybridisation was the 
same as that described for Southern blots except that the filter was not rinsed in 
2XSSC after blotting. 
After baking, the filter was pre-wet in sterile water, then SXSSC, before 
being sealed in a plastic bag with 20ml hybridisation buffer (50% deionised 
formamide; SXSSC;- lOXDenhardt's solution; 0.1 % SOS; 0.1 % sodium 
pyrophosphate; O.OSM sodium phosphate buffer, pH 7.0; 30µg/ml heat 
denatured herring sperm DNA). The nitrocellulose filter was left to pre-
hybridise for 2 to 8 hours at 42°C, after which time the probe was heat denatured 
and added to the bag. Hybridisation was then carried out overnight at the same 
temperature. The following morning, the filter was rinsed twice in 2XSSC, and 
washed twice for 35 minutes at 65°C for nick translated probes or the 
appropriate temperature for oligonucleotide probes, in a solution of 2XSSC; 
0.1 %5DS; 0.1 % sodium pyrophosphate. The filter was blotted dry and wrapped 
in plastic before being exposed to an X-ray film (Kodak; XRP-1). 
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2.8.4 Mapping of 5' terminus of Gpdh mRNA 
Poly(A)+ RNA was extracted as described in section 2.8.2. Analysis of the 
5' ends of mRNA from three Gpdh strains was done using the 5' Amplifinder 
kit (Clontech). The protocol, including minor modifications from the kit 
method, is outlined below. 
The initial step in this procedure involved synthesising a cDNA strand 
that is complementary to the mRNA transcript. A reverse transcription master 
mix was prepared using 9.2µ1 DEPC water; 9µ1 4X reverse transcriptase buffer; 
1.6µ1 RNAse inhibitor (40U/µl); 3.7µ1 ultrapure dNTP mix (lOmM each) and 
0.5µ1 AMV reverse transcriptase (25U/µl). The solution was mixed and 
centrifuged briefly. 1µ1 (lOµM) of an appropriate primer (Gpdh primer JG8) was 
mixed with 2µg poly (A)+ RNA and the volume was made to 10µ1 with DEPC 
water. The primer and RNA were left to anneal at 65°C for 5 minutes. 20µ1 of 
the master mix was added and the reaction was allowed to proceed at 520c for 30 
minutes. To hydrolys.e the RNA, 2µ1 of 6N NaOH was added and the solution 
was left at 65°C for 30 minutes. 2ul of 6N acetic acid was then added to 
neutralize the solution. 
To purify the cDNA from any residual primers, 8µ1 of GENO-BIND 
suspension was added. The mix was vortexed and washed several times before 
the cDNA was removed by eluting at 65°C for 5 minutes. 1.5µ1 (15µg) glycogen, 
5µ1 2M sodium acetate and 100µ1 95% ethanol were added to the cDNA which 
was left to precipitate overnight at -200C. A pellet was collected the following 
day by centrifugation in a microfuge at 4°C for 10 minutes. It was then washed 
in 70% ethanol before being allowed to air dry for 5 minutes and resuspended 
in 6µ1 DEPC water. 
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The following components were combined for the anchor ligation: 2.5µ1 
cDNA; 2µ1 Amplifinder Anchor (4pmol); 5µ1 2X single-stranded ligation buffer 
(pre-warmed by hand) and 0.5µ1 T4 RNA ligase (20U/µl) . The solution was 
mixed by pipetting up and down and then incubated at room temperature for 
18-20 hours. 
The anchor-ligated cDNA was used as a template in a PCR reaction 
using both a primer complementary to the Anchor oligonucleotide and one 
which was complementary to the Gpdh sequence (JG37 for the wild-type 1.7-kb 
transcript and JG63 for the AMB5 1.9-kb transcript). The PCR reaction was 
carried out as described in section 2.4.2 of this chapter. The cycling parameters 
were: denaturation at 94°C for 45 seconds, annealing at 600C for 45 seconds and 
extension at 72°C for 2 minutes. 35 cycles were done with a final extension step 
of 72°C for 7 minutes. 10µ1 of the PCR products were electrophoresed on a 1 % 
agarose gel to determine the concentration. 
2.9 Ooning of ACS into GEM-11 
2.9.1 Digestion, ligation and packaging of GEM-11 vector and insert 
DNA 
The lambda GEM-11 arms (Promega) were digested with two enzymes, 
BamHI and XbaI, to prevent re-insertion of the stuffer region. The lambda 
vector will accept DNA inserts ranging from 9 to 23-kb in length. Data from the 
Southern blot had indicated that a 20-kb BamHI fragment spanned the Gpdh 
region in ACB. Genomic DNA was prepared and an estimate made of its 
concentration as described in 2.1. 
The ratio of insert to vector DNA used in the ligation reaction was 1.5:1. 
The reaction included 4µ1 lambda GEM-11 arms (1.5µg), 4µ1 ACB insert 
(genomic) DNA (lµg) prepared from a homozygous stock, 1.3µ1 lOXligation 
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buffer (lOOmM Tris-HCl, pH 7.5; lOOmM MgC}i), 1µ1 lOOmM DTT, 1µ1 lOmM 
ATP, lµl lOOµg/µl BSA and lµl T4 DNA ligase (lU/ml). 
Leaving the mix at room temperature for 3 hours was sufficient time to 
allow incorporation of the insert fragment into the arms. Packaging of the 
ligation using the Amersham Lambda Packaging kit was in accordance with the 
manufacturer's instructions. The complete ligation reaction was added to 45µ1 
substrate DNA and left for a further 2 hours at room temperature, in which 
time the recombinant DNA was packaged into head and tail proteins necessary 
for infection. The packaging mix was made to 0.5ml with phage dilution buffer 
(20mM Tris-HCl, pH 7.4; lOOmM NaCl; lOmM MgS04) and 25µ1 chloroform was 
added to prevent the growth of bacteria. 
2.9.2 Determination of library titre 
Three drops of a glycerol preparation of LE 392 cells were used to 
innoculate 100ml NZCYM (1% NZ amine; 0.5% NaCl; 0.5% Bacto-Yeast extract; 
0.2% MgCI2.6H20; 0.1 % casamino acids; 0.2% maltose, at pH 7.0) media which 
was then cultured overnight in a 37°C shaker. 10-fold serial dilutions (up to 
106) of the packaged phage were made in SM buffer (0.1M NaCl; SOmM Tris-
HCI, pH 7.5; 10mM MgS04; 0.01 % gelatin) and adjusted to 100µ1. 200µ1 20mM 
MgS04 and 200µ1 of the cells were added and the solution was left at room 
temperature for 20 minutes to allow the recombinant phage to infect the cells. 
Each dilution was then mixed with 3.5ml top agarose (0.65% in NZCYM) and 
plated on NZCYM agar plates (1.8%). The plates were left at 37°C overnight 
before being scored the following morning. 
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2.9.3 Screening of genomic library 
Based on the titre value, a dilution was determined for each plate which 
would result in the growth of approximately 2000 plaques. Ten such plates 
were used for screening for positive recombinant plaques. The plaque lifting 
and hybridisations (2.6.2) were done after firming the plates for 2 hours at 4°c . 
The markings on the filters were traced onto the autoradiograph which was 
then aligned with the original plates to locate the positive plaques. A pasteur 
pipette was used to remove an agar plug containing the positive plaque. The 
plug was suspended in 1ml SM buffer and 25µ1 chloroform and then stored at 
4°C before being re-plated and the screening procedure repeated. In total three 
rounds of screening were done with the number of plaques grown per plate 
decreasing to approximately 20 by the third round. By this stage all of the 
plaques on each plate were always positive (ie: contained the required clone). 
2.9.4 Isolation of phage DNA 
A flask containing 100ml NZCYM media was seeded with LE 392 cells 
and cultured for 8 hours in a 37°C shaker. A 15ml aliquot of this cell culture 
was added to 100µ1 phage and 200µ120mM MgS04 and left at room temperature 
for 20 minutes. The mix was added to 70ml media and left growing in a 
shaking waterbath at 37°C. Stringy formations seen in the media the following 
morning indicated lysis had occurred. After adding 200µ1 chloroform, the flasks 
were incubated for a further 30 minutes. 3g NaCl was then dissolved in the 
lysed solutions which were left on ice for 30 minutes. The cell debris was 
removed by spinning at SK, 4°C for 10 minutes (Sorvall RCSC). The 
supematants containing the DNA were spun at 35K, 4°C for 3 hours (Beckman 
L565). 1ml SM buffer was used to resuspend the pellet at 4°C overnight. The 
suspensions were pooled and made up to 5.7ml with SM buffer before pouring 
into centrifuge tubes containing 4g CsCl. The salt was dissolved by gently 
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inverting the tubes. After spinning at 35K, 4°C for 16 hours the tubes were held 
in frnnt of a light with a black background behind. This enabled a white band to 
be seen which was removed with a pulled pasteur pipette. The band was 
diluted with SM buffer and spun at 35K, 4°C for 3 hours (Beckman LS65). The 
resulting pellet was resuspended in 150µ1 TE. The DNA was extracted with 
chloroform/phenol/lambda extraction buffer (2:2:1) before being precipitated 
overnight at -70°C and resuspended in 100µ1 TE. 
Unfortunately, there were some problems with the ACB clones that 
were isolated in GEM-11 (see results section in Chapter 5 for explanation) and so 
the Gpdh locus was cloned in another lambda vector, EMBL3. 
2.10 Ooning of ACS and ATI98 in EMBL3 
2.10.1 Ligation and packaging of insert DNA and pre-digested EMBL3 
vector DNA 
The lambda EMBL3 arms (Promega) were obtained already digested with 
BamHI and treated with alkaline phosphatase to prevent re-ligation. As with 
GEM-11, this vector will accept insert DNA ranging from 9 to 23-kb in length. 
Instead of using digested genomic DNA for ACB, DNA from the mixed GEM-11 
clone was digested with BamHI and used as the insert (see results section in 
Chapter 5 for explanation of why this needed to be done). 
The methods used to screen the plaques and then isolate the phage 
DNA were the same as those in sections 2.9.3 and 2.9.4 respectively. 
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2.11 Subcloning of ACB and AT198 into pBluescript 
2.11.1 Digestion and ligation of insert and vector DNA 
pBluescript is a plasmid containing a polylinker with a range of unique 
restriction enzyme sites which may be used to clone DNA up to 10-kb. 6µg of 
lambda EMBL3 clone was digested simultaneously with BamHI and Sac! for 2 
hours at 37°C. The DNA was electrophoresed on an agarose gel and the 
appropriate fragments were excised and purified using 'Geneclean' (Bio 101 CA) 
glassmilk (2.5.2) . The DNA was precipitated overnight at -70°C and 
resuspended in 5µ1 TE. 
1 µg aliquots of pBluescript vector DNA were digested with either 
Barn HI I Sac! or Sac! at 37°C for 90 minutes and then lµl of calf intestinal 
alkaline phosphatase (1 U) was added. This enzyme treatment removes the 
phosphate group from the 5' end of the fragments and prevents the DNA from 
ligating back onto itself. After 30 minutes, the phosphatase was inactivated by a 
phenol/ chloroform extraction followed by an ethanol precipitation at -70°C 
overnight. 10µ1 TE was used to resuspend the pellet. 
0.5 to lµl of the vector and insert DNA were electrophoresed on a mini-
gel to check that the digestions had been successful. The ligations consisted of 
lµl vector DNA (lµg), 4.5µ1 insert DNA (-700ng), lµl lOmM ATP, 1µ1 
lOXligation buffer (Stratagene - 500mM Tris-HCl, pH 8.0; 70mM MgCl2; lOmM 
DTT), 0.5µ1 T4 DNA ligase (1.5U) and sterile water to a final volume of 10µ1. 
Two control ligations were also made in which the enzyme and/ or insert DNA 
was left out to test the efficiency of the vector digestion and the phosphatase 
treatment. 
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2.11.2 Calcium chloride transformation of pBluescript into XLI-blue 
cells 
XLI-blue bacteria, when grown on LB media supplemented with S-
bromo-4-chloro-3-indol P-D-galactopyranoside (X-Gal-80µg/plate) and isopropyl 
P-D-thiogalacyopyranoside (IPTG-48µg/plate), produce blue colonies if there is 
no insert and white colonies where an insert is present. One drop of a glycerol 
preparation of these XLl-blue cells was dilution streaked onto an LB (1 % Bacto-
tryptone; 0.5% Bacto-yeast extract; 1 %NaCl, pH 7.5)/tetracycline (12.Sµg/ml) agar 
plate and incubated at 37°C overnight (tetracycline selects for cells containing 
the F' episome). This storage plate could be covered in foil and kept for up to 2 
weeks at 4°C. 
An XLI-blue colony was picked from such a storage plate and the cells 
were grown for about 6 hours at 37°C in 10ml LB media. An 0D600 reading 
between 0.3 and 0.6 indicated the cells were in the required exponential growth 
phase and a 1.5ml sample was spun at room temperature in a microfuge for 1 
minute. The supernatant was decanted and the pellet resuspended in 1ml 
chilled sterile SOmM CaCl2 and left on ice for 20 minutes. The cells were 
harvested by re-spinning for 1 minute then resuspended in 200µ1 chilled sterile 
SOmM CaCl2. 2-5µ1 of the ligation mix was added to the cells before leaving 
them on ice for 30 minutes. The cells were then heat shocked for 2 minutes at 
42°C, before being pelleted (1 minute in a microfuge) and resuspended in 500µ1 
LB/ ampicillin (SOµg/ml) and left to incubate at 37°C for 30 to 60 minutes. 200µ1 
of each ligation was spread onto LB plates containing IPTG and X-Gal. The 
plates were scored the following morning and positive colonies taken through 
three rounds of purification by dilution streaking. For the second round 
tetracycline (12.Sµg/ml) was added to the plates to select for colonies carrying 
the F' episome and hence protect against false positives. 
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2.11.3 Analysis of pBluescript subclones using the polymerase chain 
reaction 
For each clone, a colony from the final dilution streaked plate was re-
streaked and left for another night to grow. One colony for each sample was 
picked and released into a 100µ1 PCR reaction mix (2.4.2). The reaction mix 
contained a S' primer complementary to the inserted DNA and a 3' primer 
complementary to the vector DNA (Figure 3.7). A PCR program of 35 cycles was 
used in which the parameters were 1 minute for the denaturation of DNA at 
94°C, 2 minutes for annealing the primers at 60°C and 3 minutes for primer 
extension at 72°C. There was an additional extension step of 72°C for 7 minutes 
at the completion of the final cycle. The amplified fragments were then 
electrophoresed on a 1 % agarose gel for one hour. By checking the sizes of the 
DNA the orientation of the insertion in each subclone was determined without 
requiring the more time consuming method of plasmid DNA preparation. 
2.12 Ooning ~f ACyg22 in Lambda Zap II 
2.12.1 Preparation of vector and insert DNA 
Before digesting the Lambda Zap II vector DNA the cos ends were 
ligated to prevent degradation. 2µg of lambda Zap II DNA was added to 2µ1 of 
lOXligation buffer (SOOmM Tris-HCl, pH 8.0; 70mM MgC12; lOmM DTT), 1µ1 
lOmM ATP and lµl T4 DNA ligase (lOU/µl; Boehringer Mannheim) and the 
volume was made to 20µ1 with water. The ligation mix was incubated 
overnight at 4°C. The following morning, the mix was heated at 68°C for 15 
minutes to inactivate the ligase activity. 
Appropriate amounts of ACyg22 and Lambda Zap II DNA were each 
digested with SacI for 2 hours at 37°C. For the vector, 2µ1 of calf intestinal 
alkaline phosphatase (1 U / µl; Boehringer Mannheim) was added 30 minutes 
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before the end of digestion. The volume of both digests was then made up to 
50µ1 with water, phenol/ chloroform extracted, precipitated overnight at -9o0 c 
and resuspended in TE buffer. The Lambda Zap II and ACyg22 DNA pellets 
were resuspended to give concentrations of O.Sµg/µl and 0.04µg/µl respectively. 
2.12.2 DNA ligation and packaging 
The insert and vector DNA were ligated at an approximate molar ratio 
of arms to insert of 2:1. lµg digested Lambda Zap II DNA was mixed with 0.06µg 
ACyg22 digested DNA; 0.5µ1 10Xligation buffer (500mM Tris-HCl, pH 8.0; 70mM 
MgCI2; 10mM DTT); 0.5µ1 10mM ATP; 0.5µ1 T4 DNA ligase (10U/µ1) and water 
to a final volume of 5µ1. The ligation was left to proceed at room temperature 
for 2 hours before being incubated at 4°C overnight. 
In accordance with the Gigapack Plus kit (Stratagene) instructions, only 
1µ1 of the ligated DNA was initially packaged in order to test the efficiency. 
Only after the metho<! had proved successful, was the remaining 4µ1 of ligated 
DNA packaged. Recombinant molecules were packaged by combining the 
ligated DNA with 10µ1 of the freeze thaw extract and 15µ1 of the sonicated 
extract. This mixture was incubated at room temperature for 2 hours before 
500µ1 of SM buffer and 10µ1 of chloroform were added. The library was stored at 
40c. 
2.12.3 Determination of library titre and isolation of ACyg22 clones 
A liquid culture of XL1-blue cells was initiated by picking a single colony 
from a storage plate and releasing it into 10ml LB media supplemented with 
0.2% maltose and 10mM MgS04. These cells were incubated in a shaker (37°C, 
315rpm) for about 6 hours until an OD600 reading of 0.5 was obtained. The cells 
were pelleted by centrifugation (3000rpm; 10 minutes; Sorvall SS34 rotor) and 
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then resuspended in lOmM MgS04 (half volume). They were then kept at 4°c 
until required. 
To estimate the titre of the library, a dilution series of the packaged 
ligation product was made and each dilution sample (100µ1) was incubated for 
15 minutes at 37°C with 200µ1 of the XLl-blue cells before adding 3.5ml N2Y 
(1 % NZ amine; 0.5% NaCl; 0.2% MgS04.7H20; 0.5% Bacto-yeast extract) top 
agarose (0.7%) supplemented with X-Gal (12.Smg/plate) and IPTG 
(5.95mg/plate). The agarose was poured onto an N2Y plate (1.5% agar), allowed 
to set and then incubated overnight at 37°C. 
Positive Lambda Zap II recombinants were identified as white plaques, 
while phage with no insert DNA gave blue plaques. The titre of the library 
could be estimated directly by scoring the number of white plaques on a plate, 
and the ligation and packaging efficiency by calculating the ratio of blue to white 
plaques. Optimally, the numbers of white plaques should have been 10 to 1000 
fold greater than the blue plaques, but in practice the numbers were similar. 
Once the titre had been ascertained, the librar.y was screened as in section 
2.9.3 but using N2Y plates. 
2.12.4 In vivo excision of the pBluescript phagemid from the Lambda 
Zap II vector 
Lambda Zap II was designed to enable in vivo excision and 
recircularization of any cloned insert contained within the lambda vector to 
form a phagemid containing the cloned insert. For the excision step XLl-blue 
cells were prepared as described above. 200µ1 of these cells were mixed with 
200µ1 of a recombinant lambda phage stock (containing > lxloS phage particles) 
and lµl of R408 helper phage (Stratagene; titre-lxlOllp.f.u./ml) and incubated 
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at 37°C for 15 minutes. A negative control was also included in which no 
recombinant lambda was added to the cells or helper phage. 5ml of 2XYT (1 % 
NaCl; 1 % Bacto-yeast extract; 1.6% Bacto-tryptone) was added to each sample 
and incubation was continued for 3 hours at 37°C (SSrpm) in the incubator-
shaker. The samples were then heated at 70°C for 20 minutes and centrifuged 
(5750rpm; 5 minutes; Sorvall SS34 rotor). The supernatant containing the 
pBluescript phagemid was transferred to a sterile tube and stored at 4°C. 
In order to plate the rescued phagemid, 10µ1 of the phage stock was 
added to 200µ1 of XL 1-bl ue cells prepared as described in 2.11.2 and incubated at 
37°C for 15 minutes. 100µ1 of this mix was then spread onto LB/ampicillin 
(30µg/plate) plates and incubated overnight at 37°C. Any colonies which grew 
on these plates contained the pBluescript phagemid with the cloned DNA 
insert. To maintain this clone, a single colony was picked and dilution streaked 
onto a new LB/ampicillin plate. For long term storage a glycerol stock (1:1 of 
glycerol/ cells containing clone) was prepared from this plate and stored at -90°C. 
2.13 Isolation of plasmid DNA 
2.13.1 Alkaline lysis mini plasmid preparation 
XLI-blue cells harbouring recombinant plasmid were grown in 5ml LB 
media containing ampicillin (lOOµg/ml) at 37°C overnight. The following day a 
1.5ml aliquot of the cells were pelleted (2 minutes in a microfuge) and the 
supernatant discarded. 100µ1 of a solution containing 0.2% lysozme, SOmM 
glucose, 25mM Tris-HCI pH 9.0 and lOmM EDTA was used to Iyse the cells at 
room temperature for 2 minutes. 200µ1 of 0.2M NaOH/1 % SDS was added to 
the cells and they were left on ice for 5 minutes. 150µ1 of a potassium acetate 
solution (6ml SM potassium acetate; 1.15ml glacial acetic acid; 2.85ml H20) was 
gently mixed into the suspension. After -chilling on ice for another 5 minutes 
and spinning at 4°C for 10 minutes, the supernatant was extracted with phenol. 
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The DNA was ethanol precipitated at -20°C for 10 minutes, resuspended in 50µ1 
TE containing lOµg/µl RNAse and incubated at 37°C for 30 minutes. 30µ1 20% 
PEG 6000 in 2.SM NaCl was used to precipitate the DNA on ice for 1 hour. The 
pellet, obtained by spinning for 10 minutes at 4°C, was washed (70% ethanol) 
and dried before being resuspended in 20µ1 TE and heated at 65°C for 10 
minutes. 2µ1 of the DNA was electrophoresed on a mini-gel to check the size 
and for any sign of degradation in the sample. 
2.13.2 Boiling mini plasmid preparation 
3ml of LB media supplemented with ampicillin (50µg / µl) was 
innoculated with a single bacterial colony containing cells harbouring the 
recombinant plasmid and grown overnight. A 1.5ml aliquot was then spun in 
a microfuge (4°C; 3 minutes), and the pellet resuspended in 110µ1 STETL (8% 
sucrose; 5% Triton X-100; 50mM Tris-HCI pH 8.0; 50mM EDTA; 0.5mg/ml 
lysozyme). All samples were boiled for 30 seconds then centrifuged in a 
microfuge at 4°C for 15 minutes. The pellet was removed with a sterile syringe 
needle, and 110µ1 isopropanol was added. After spinning for a further 15 
minutes at 4°C a DNA pellet was obtained. The pellet was resuspended in 50µ1 
TE buffer and extracted twice with phenol/chloroform (1:1) and once with 
chloroform before ethanol precipitating at -20°C for 20 minutes and 
resuspending in 50µ1 TE buffer. 1µ1 RNAse was added and the solution left at 
37°C for 30 minutes. 
2.13.3 Large-scale isolation of plasmid DNA 
A flask containing 250ml LB media, ampicillin (100µg/ml) and 
tetracycline (12.Smg/ml) was seeded with cells containing the cloned DNA 
fragment and incubated overnight at 37°C with shaking. The next day the cells 
were harvested by spinning at SOOOrpm at 4°C for 10 minutes and the 
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supernatant was discarded. After chilling the pellet on ice, the cells were 
resuspended in 1.6ml 20% sucrose in TE and 0.4ml lysozyrne (lOmg/ml) by 
vortexing and then left on ice for another 5 minutes. 0.7ml 0.25M EDT A was 
added and the mixture was vortexed and left a further 2 minutes on ice. 2.4ml 
of a freshly made lytic mix (0.2% Triton X-100; SOmM Tris-HCl, pH 8.0; 62.SmM 
0.25M EDTA, pH 8.0) was added and mixed gently, and again the solution was 
left on ice, for a further 10 minutes. The resulting gelatinous solution was spun 
at 16.SK, 4°C for 40 minutes and 5ml of supernatant was decanted into a tube 
containing Sg CsCl, and gently inverted until the CsCl had dissolved. 300µ1 
ethidium bromide (lOmg/ml) was added in dim light to prevent nicking of the 
DNA. The tubes were filled with paraffin, balanced to within 0.05g and heat 
sealed. A salt gradient was established by centrifuging at 44K, 10°C for 40 hours 
(Beckman L565). Under UV light (Transilluminator, 305nm) the desired DNA 
band could be harvested by puncturing the tube with a syringe and carefully 
removing the band. As ethidium bromide was still present, the tubes 
containing the DNA were covered in foil and stored on ice. Five propanol 
extractions were us~d to remove the ethidium bromide. The DNA was 
collected into lengths of dialysis tubing, which had been prepared previously by 
boiling in TE and then washing in distilled water. The DNA was dialysed 
overnight at 4°C in TE buffer (4 changes). An optical density reading at 280nm 
was taken to determine the yield and purity of the DNA. The quantity of DNA 
is calculated using the guide that 1ml of a solution with an A260 of 1.0 is 
equivalent to SOµg of double-stranded DNA. 
2.14 Sequencing of ACB, ACyg22 and AT198 pBluescript clones 
2.14.1 Isolation of single-stranded DNA 
XLl-blue cells containing the cloned DNA were grown in 2ml aliquots of 
LB media at 37°C in the presence of ampicillin (SOµg/ml). lµl VCSM13 or R408 
helper phage was also added to enable the plasmid to secrete single-stranded 
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DNA. When VCSM13 phage was used, kanamycin (70µg/ml) was added to the 
tubes after 2 hours. After overnight growth, 1.5ml of the cell suspension was 
spun at 4°C for 5 minutes in a microfuge. The supernatant was removed and 
respun, and this supernatant was added to 300µ1 25% PEG 6000/SM NaCl and 
left on ice for 30 minutes. The precipitated DNA was collected by spinning at 
4°C for 5 minutes, and the pellet was resuspended in 100µ1 TE. The DNA was 
purified by two phenol/ chloroform (1:1) extractions and a single chloroform 
extraction and then was ethanol precipitated at -70°C overnight. Samples were 
later spun, washed and dried before being resuspended in 50µ1 TE. 
2.14.2 Preparation of double-stranded DNA 
2-3µg of plasmid DNA from a mini-plasmid preparation was denatured 
by adding 1µ1 of 4M NaOH, making the volume up to 20µ1 with sterile water, 
and incubating for 10 minutes at 37°C. The DNA was then precipitated using 
8µ1 SM ammonium acetate and 100µ1 ethanol. After 10 minutes at -90°C the 
DNA was collected by centrifugation (15 minutes; 4°C). The pellet was washed 
twice and dried. Normal 'Sequenase' reactions (2.14.3) were carried out 
according to the manufacturer's instructions on each preparation except that 
the annealing reaction was at 60°C for 15 minutes followed by 37°C for 15 
minutes, and the termination reaction was at 42°C for 3 minutes. 
2.14.3 "Sequenase" reactions 
The chain-termination method of sequencing was used in this work 
(Sanger et al., 1977). It involved the synthesis of a DNA strand in vitro by T7 
DNA polymerase using a single-stranded template. 1µ1 of the appropriate 
primer (lpmol), 2µ1 SXreaction buffer and 7µ1 DNA (1-2µg) were heated at 65°C 
for 2 minutes in order to denature the DNA strands, then slowly cooled to a 
temperature below 35°C, when annealing is complete. 1µ1 O.lM DTT; 2µ1 
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diluted labelling mix (containing l.5µM of 3 deoxynucleotide triphosphates, 
dGTP, dCTP, dTTP); 1µ1 (a35S-dATP - lOµCi) and 2µ1 diluted "Sequenase" 
enzyme were added to the annealing mix and left at room temperature for 5 to 
10 minutes. During this period the T7 DNA polymerase (Sequenase; United 
States Biochemical Corporation) extended the primer strand using the four 
dNTPs, one of which was labelled. On the completion of this labelling reaction, 
3.5µ1 of the mix was added to each of four termination tubes containing 2.5µ1 of 
a dideoxynucleotide triphosphate (ddNTP) termination mix (80µM dNTPs, 8µM 
of the respective ddNTP and SOmM NaCl). The termination reactions were left 
at 37°C for 3 to 5 minutes. These reactions allowed the DNA elongation to 
continue until a ddNTP became incorporated. These nucleotides lack the 3'-0H 
group and hence prevent further elongation. 4µ1 of stop solution was then 
added to the samples before electrophoresing the sample. The radioactively 
labelled a35S-dATP nucleotide allowed the labelled chains of various lengths to 
be visualised on autoradiographs. A series of 19-24 mer primers, which had 
been specifically designed such that their GC/ AT ratios were close to one, were 
used for sequencing ..{Appendix B). They were positioned approximately 300-
400-bp apart and spanned the entire transcription unit and its 5' regulatory 
sequences. The sequences of these primers were based on the Gpdh genomic 
sequences for Canton-S published by Bewley et al. (1989) and von Kalm et al. 
(1989). 
2.14.4 Direct sequencing of PCR amplified DNA 
The region to be sequenced was amplified by the polymerase chain 
reaction using appropriate oligonucleotide primers. The conditions used in the 
polymerase chain reaction were the same as those described in 2.4.2. After the 
PCR process was completed, a sample of the product was electrophoresed on an 
agarose gel to determine both the yield and purity (ie: whether any non-specific 
fragments had amplified). A phenol/ chloroform (1:1) extraction was done on 
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the DNA to remove any of the unused Taq polymerase. 0.1 volume 3M 
sodium acetate and 2.5 volumes chilled ethanol were added to the DNA, and 
the mix was left to precipitate at -90°C for 20 to 30 minutes. After this the 
samples were spun at 4°C for 15 minutes to collect a pellet which was 
subsequently washed in 70% ethanol, dried for 12 minutes in a vacuum 
dessicator and resuspended in 25µ1 sterile water. This DNA was then applied to 
a column (Linkers-6; Boehringer Mannheim) and spun for 10 minutes at 1100g 
as specified by the manufacturers. Typically 70-85µ1 of DNA was collected from 
the column; this DNA could be used for sequencing without further treatment. 
If the yield from the PCR was low, two or more reaction mixes were combined 
before the extraction to ensure that 5µ1 of the eluate would contain enough 
DNA for a sequencing reaction. The sequencing reactions were carried out 
using a modification of the Sequenase Kit manual (USB) protocol (2.14.3). 5µ1 of 
the purified DNA was added to 2µ15XSequenase reaction buffer and 3µ1 (3pmol) 
of the appropriate primer. The DNA was denatured by boiling for 3 minutes 
then placed immediately onto dry ice for quick-freezing. The conventional 
method of denaturing. DNA at 65°C was not satisfactory for PCR amplified DNA 
presumably because the strands reanneal more quickly. Where problems with 
cross-banding sequence artefacts occurred the addition of 10% v / v DMSO to the 
annealing reaction was often helpful. Investigations on the effect of adding 
detergents indicated they did not make any difference to the final product. As 
the sample was thawing, the components for the labelling reaction (OTT, dGTP, 
dCTP, dTTP a35S-dATP and Sequenase enzyme) were added and mixed as 
instructed by the manufacturers. This reaction was left for only 45 seconds after 
which 3.5µ1 of the solution was added to each of the four termination tubes. 
The termination reaction was left to proceed for 3 minutes at 37°C before being 
stopped by the addition of 4µ1 loading dye (USB). 
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2.14.5 Running and reading the sequencing gel 
The gel plates (Bio-Rad) were cleaned thoroughly and the back (buffer 
reservoir) plate was also siliconized. 200ml of gel solution [7M urea; lXTBE 
(89mM Tris-HCl; 89mM Boric acid; 25mM EDTA, pH 8.3); 5% polyacrylamide 
mix] was filtered and then degassed for 15 minutes prior to being used. 210µ1 
ammonium persulfate and 150µ1 Terned (Bio-Rad) were used as catalysts to 
quickly polymerise 30ml of gel solution which was used to seal between the 
base of the plates. A further 221µ1 and 170µ1 of the respective catalysts were 
added to the remainder of the solution before it was poured between the plates 
and the slot former (0.4mm) was inserted. The gel was left to set for 90 minutes. 
If the gel was to be left overnight, the slot former was removed and the slots 
were saturated with lXTBE to prevent them from drying out. 1800ml of lxTBE 
running buffer was used in the back and bottom chambers. The gel was pre-run 
for 1 to 2 hours at 100 to 120 watts after which time the temperature had reached 
50°C. The reaction mixes were heated for 2 minutes at 80°C before 2 to 3µ1 was 
loaded into each slot. -The gel was run at lOOW, 50°C for 2 to 7 hours depending 
on the distance of the required sequence from the oligonucleotide primer. All 
reaction mixes were electrophoresed in the order G A T C G (with the letter 
specifying the dideoxynucleotide). This combination meant that no reaction 
mix was more than two wells away from any other reaction mix for that sample 
of DNA, which facilitated reading the gels. 
After electrophoresis, the gel was left to cool for 10 minutes before the 
plates were separated and the gel was washed (still attached to the front plate) in 
an acid solution (10% acetic acid; 12% ethanol) for 15 minutes. A layer of 
Whatman 3MM paper was placed on top of the gel and using the paper the gel 
was lifted from the glass plate and covered with plastic film. The gel was 
vacuum dried (Bio-Rad) at 80°C for 40 to 60 minutes before being exposed to a 
sheet of Hyperfilm-MP (Amersham) at room temperature overnight. 
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The sequencing gels were read either by eye or by using an 
reader linked to the Macvector (IBI) Macintosh software programme. 
unclear regions occurred, the samples were re-electrophoresed on another 
... 
By reading both strands of the DNA, the risk of human error in reading the 
sequence was decreased, and any ambiguities could be eliminated. Two of the 
primers produced a double ladder on the sequencing gel making it impossible 
to read. This was presumed to have resulted from the primers annealing to 
two different regions of the DNA, and hence giving two different sequences. In 
these cases new primers were designed based on the sequence in a similar 
region and they provided a clear pattern. 
43 

CHAPTER 3: 
MOLECULAR ANALYSIS OF ACB AND ACyg22. 
3.1 INTRODUCTION: 
The variant allele, ACyg22, which was isolated from a Tasmanian 
population (Gibson et al., 1991), is unusual in that it has only 5 percent of both 
the normal GPDH activity and CRM levels compared with two normal activity 
alleles, ACS and ACB (Gibson et al., 1991). The fact that in ACyg22 both the 
activity and CRM levels are low compared to the wild-type implies the presence 
of a mutation which causes either a decreased rate of transcription or an 
increase in the rate of GPDH protein degradation. Cook et al. (1986) have 
examined mRNA transcript levels in two Gpdh variants. The first of these 
represented a low activity allele (25 to 30 percent normal GPDH activity) which 
has an altered rate of GPDH polypeptide synthesis throughout development. A 
significant reduction in GPDH-specific hybridisable RNA was found, and 
provided a direct cor.relation between the rate of GPDH protein synthesis and 
the available pool of GPDH-mRNA. This suggests that control is exerted at 
either the level of mRNA stability or transcription. The second variant 
represented a null activity allele which had previously been characterised as 
CRM-ve. Blot hybridisation using a clone carrying the Gpdh locus, pDm60a(c) , 
as a probe demonstrated that there was almost no translatable mRNA. This 
result provided strong evidence that this variant is a true null allele at the level 
of transcription. The authors speculate that as this mutation arose 
spontaneously in flies isolated from a natural population, it may have been 
caused by the insertion of a transposable element in, or close to, the Gpdh 
transcription unit, but this idea was not tested. 
In all genetic experiments the variant ACyg22 behaved as an allele at the 
Gpdh locus (Gibson et al., 1991). To determine the structure of the Gpdh locus 
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in ACyg22, it was necessary to first done the gene and then to determine the 
nucleotide sequence and compare this with similar data on normal activity 
D.melanogaster Gpdh genes. At the time of this work the DNA sequences of 
two normal Gpdh alleles had been published and each was derived from a 
different wild-type Canton-5 stock (Bewley et al ., 1989 and von Kalm et al., 
1989). These stocks are homozygous for the electrophoretic slow variant of 
Gpdh. Since Canton-S has normal GPDH activity the sequences reported by 
Bewley et al. (1989) and von Kalm et al. (1989) could be used as references with 
which to compare the sequences of low activity variants. However as there 
were some differences between the two Canton-5 sequences, and as there was 
no specific activity data available for the alleles sequenced, I decided that a more 
accurate comparison would be achieved if the nucleotide sequence of ACyg22 
was compared to a normal activity allele isolated from the same geographic 
region. For this reason the allele ACB, also isolated from the Tasmanian 
population, was cloned and its sequence determined. 
It was possible-that in ACyg22 there might be an amino acid substitution 
resulting from a change in the exon coding sequences, or alternatively an 
alteration in the exon/intron junction sequences which could affect the splicing 
mechanism. Mutations might also have occurred in the S' or immediate pre-
initiation sequences which typically contain important motifs involved in the 
regulation of transcription. To test for these possibilities it was necessary to 
obtain sequence data for the complete coding region of ACyg22 as well as part of 
the surrounding S' and 3' flanking sequence. Comparison of this sequence with 
the wild-type sequence from ACB should identify any lesions which could be 
responsible for the low activity. 
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3.2 RESULTS: 
GPDH activity was re-assayed in ACyg22 and in the normal strain, ACB, 
to verify the activity levels (Table 3.1). When similar amounts of extract from 
adults of these variants are applied to a cellulose acetate membrane and then 
stained (Figure 3.1), GPDH is barely detectable from ACyg22 at the position of 
GPDH-1. In comparison, extracts of ACB, show the normal pattern of the three 
isozymes GPDH-1, -2 and -3 expected of a homozygous GpdhS strain. The 
electrophoretic mobility of GPDH-1 from ACyg22 on cellulose acetate sheets at 
pH 8.4, and with the usual buffers, is indistinguishable from that of GPDH-1 of 
the normal GpdhS allele with respect to its position on the membrane. With 
the addition of urea to the running buffer, and with a concentrated extract made 
from 200 flies, GPDH-1 from ACyg22 migrates very slightly more anodally (data 
not shown). 
Genomic DNA was extracted from adult flies homozygous for ACB or 
ACyg22 using the method described by Chia et al. (1985). The DNA was digested 
with a variety of hexanucleotide endonucleases, including Pstl, BamHI, Sac!, 
Xbal, Hpal and HindIII, in single and double digests and then electrophoresed 
on an agarose gel. The gels were Southern blotted and hybridised with the 
pDm60a(c) probe which contains Gpdh sequences (Figures 3.2 and 3.3). By 
comparing the fragment sizes for each enzyme/ s, a restriction map of the 
regions around the ACB and ACyg22 coding units was constructed and the 
resulting map is shown in Figure 3.4 together with the relative position of the 
probe used. 
AC8, ACyg22 and the sequence of Bewley et al. (1989) were found to 
have a 400-bp insertion in intron 2 which was absent in the von Kalm et al. 
(1989) sequence and therefore was unlikely to be responsible for the decreased 
GPDH activity in ACyg22. These data did not reveal any other insertions or 
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deletions in the size range that could be detected with Southern blots (>50bp) in 
the region surrounding the Gpdh locus in ACyg22 . 
Total RNA was extracted both from adults and 3rd instar larvae of 
ACyg22 and ACB and used to prepare a Northern blot to compare the relative 
sizes and frequency of the mRNA transcripts (Figure 3.5). The blot was probed 
with pDm60a(c) and as expected the autoradiograph indicates a single band for 
the normal control line, ACB, of about 1.7-kb in size, which is similar in larvae 
and adults. In ACyg22 adults and larvae there is also a single band which is of 
similar size and intensity to the control. Duplicate filters were probed with a 
clone containing the ras locus as a control and this showed equal amounts of 
RNA had been loaded in all lanes (Figure 3.5). 
From a genomic library of ACB in GEM-11 probed with pDm60a(c) seven 
positive clones were isolated. Phage DNA was extracted from four of these and 
restriction digests were made with Sac! and XbaI to determine if the inserts were 
of the correct region. While all four clones produced the same restriction 
pattern, none of them corresponded to that expected for the Gpdh region. PCR 
analyses using the Gpdh specific primer, JGS3, and the pBluescript polylinker 
primer, M13, was done on all seven purified clones but only one of these (G26) 
gave a positive result to indicate the presence of Gpdh sequences. Phage DNA 
was isolated from G26 and the subsequent restriction digests yielded two 
restriction patterns, corresponding to two types of DNA insertions. The most 
intense fragments on the gel (and hence the most abundant insertion) 
corresponded to those expected from a Gpdh insert, while the other bands were 
the same as those previously observed in the first four clones examined. In 
order to verify that there were two clonal populations in G26, plaques were 
replated and probed with both pDm60a(c) (the probe used in isolating the clones 
from the original library) and PCR 45(2) (a Gpdh specific probe). As can be seen 
from Figure 3.6a, pDm60a(c) hybridises to all of the plaques, while PCR 45(2) 
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hybridises to only a few. These results suggested that some kind of re-
arrangement was taking place during the replication of the clones prior to DNA 
extraction. To test this idea two positive Gpdh clones (which each hybridised to 
both probes) were picked and after amplification their DNA was extracted. The 
restriction pattern for one of these clones (G28) indicated a mixed pattern 
similar to G26 while the other (G27) gave only the same non-Gpdh pattern that 
was obtained from most of the other clones. These results confirmed that a re-
arrangement had taken place during the replication process. In a further 
attempt to obtain a pure Gpdh clone of ACB, the cell line was changed from 
LE392 to KW251. However, there was difficulty in lysing the KW251 cells and 
so no DNA was able to be extracted. 
As other Gpdh alleles had been cloned previously in the lambda vector 
EMBL3, I decided to use this vector for ACB. 2µg of clone G26 DNA was digested 
with BamHI to excise the insert which was isolated and then re-ligated into 2µg 
of BamHI digested EMBL3 DNA. The recombinant phage DNA was then 
packaged and the resulting phage plated. The two probes PCR 45(2) and 
pDm60a(c) described above were used to screen the plaques, and as expected 
they initially showed that there were two types of plaques (Figure 3.6b). By far 
the majority of the clones were non-Gpdh as indicated by the low hybridisation 
frequency of the probe PCR 45(2). Two positive Gpdh plaques (those hybridising 
to both probes) were purified, amplified and their DNA extracted. The 
restriction digests for each gave a single pattern corresponding to that expected 
for a Gpdh insertion indicating that there was no re-arrangement of the clone 
in EMBL3. One of these (E29) was used for subcloning. 
The restriction map of the ACB allele indicated that there were three 
Sacl fragments which together spanned the entire Gpdh transcription unit plus 
approximately 3.2-kb of the immediate 5' flanking sequences. These fragments 
had previously proved to be suitable for subcloning with other Gpdh alleles. 
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The sizes of the three Sac! fragments from 5' to 3' were 3.7-kb, 2.4-kb and 3.3-kb. 
The ACB clone designated E29 (a 20-kb BamHI insert in the EMBL3 vector) was 
digested with BamHI and Sac! and the appropriate DNA fragments were 
removed and subcloned into pBluescript . 
I was able to isolate positive clones for all of the fragments in both 
orientations so that both DNA strands could be sequenced. A clone in the 
reverse orientation for the 2.4-kb fragment proved most difficult to obtain. This 
was a problem that had occurred with some other Gpdh variants that I had 
cloned - it appears that one orientation of the fragment is preferentially ligated 
or replicated. To obtain a clone in the opposite orientation twenty-four 
pBluescript subclones were screened using the polymerase chain reaction and 
one was identified (Figure 3.7). 
From the Southern blot data for ACyg22 it was apparent that, like ACB, 
three Sac! fragments spanned the complete Gpdh transcription unit. A Sac! 
digest of ACyg22 gen9mic DNA was ligated into Lambda Zap II (Sac! digested) 
arms and packaged. 
The three DNA probes used to screen the library were synthesised using 
the polymerase chain reaction. Based on the von Kalm et al. (1989) sequence, a 
pair of oligonucleotide primers were made complementary to sequences in each 
of the Sacl fragments. The conditions used for the Perkin-Elmer thermal cycler 
are given in Chapter 2. The three pairs of primers used were JG61/56, JG7 /34 
and JG32/12 , and the sizes of the fragments amplified were 816, 749 and 563 
basepairs respectively (the positions of the probes are indicated in Figure 3.4 and 
the relative positions of the primers within the gene are described in Appendix 
B). For each set of primers the amplified product was of the size expected and 
restriction and Southern blot analyses were made to confirm the fragments 
were of the correct regions (data not shown). 
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After plating a proportion of the genomic library on a number of plates, 
three filter lifts were done for each. The filters from each lift were then 
hybridised in separate bags and with a different probe. After several screening 
attempts using the aP32-labelled PCR derived probes, three positive clones were 
isolated for each Sac! fragment (these were designated30.1 for the 5' fragment, 
29.1 for the middle fragment and 31.1 for the 3' fragment) . The insert from each 
of these clones was successfully excised as a pBluescript SK- phagemid. DNA 
was then isolated from each of the phagemids and digested with a selection of 
restriction enzymes to check that it was the fragment required. To obtain the 
inserts in the opposite orientation for DNA sequencing, each pBluescript clone 
was re-digested with Sac! and then this mix was re-ligated. XLl-blue cells were 
then transformed with this DNA and plated onto LB plates containing IPTG 
and X-Gal. DNA was prepared from white colonies and clones of the opposite 
orientation were identified by restriction analysis on the extracted DNA. 
By these means I was able to obtain clones of the opposite orientations to 
31 .1 and 30.1 in the SK- vector orientation. Unfortunately, a clone of the 
opposite orientation for 29.1 was not obtained in either of the vectors despite 
several ligation and transformation attempts. Thus, for the ACyg22 clone 29.1 , 
double stranded plasmid DNA was sequenced to provide data for the opposite 
strand. 
Single-stranded DNA was prepared from each of the ACB and ACyg22 
subclones in pBluescript. Using the Sanger et al. (1977) di-deoxy sequencing 
technique, the single-stranded DNA was sequenced to obtain a nucleotide 
sequence for the complete Gpdh transcription unit of both alleles. 
The total sequence obtained for each of ACB and ACyg22 was 5485-bp 
and included 663-bp 5' and 375-bp 3' of the transcription unit. The complete 
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DNA sequences for ACB and ACyg22 are given in Appendix C. As ACB has 
normal levels of GPDH activity, it provides a reference sequence with which to 
compare the sequence of ACyg22. A list of the individual changes which 
distinguish the two sequences is given in Figure 3.8. 
On comparing the two sequences I found 30 single base substitutions 
and 9 other changes, which included insertions and deletions. Of the single 
base substitutions, 14 (47%) were transitions and 16 (53%) were transversions 
(Table 3.2). The majority of changes (22; 56%) were in the intron sequences, 
which is not unexpected as these comprise almost two thirds of the total 
sequence. There were no insertions or deletions in the exon coding sequences. 
Two of the five single-base substitutions within exons were in the third 
position of the codon and were effectively silent (would not cause an amino 
acid substitution), however the other three changes were important as they 
occurred in the first codon position and all give rise to amino acid substitutions 
compared to the wild-type ACB sequence. 
The amino acid sequence of GPDH (Figure 3.9) can be divided into two 
functional domains (Otto et al, 1980). Amino acids 1-118 define an NAD 
binding domain while residues 119-349 define a catalytic domain. The 
mutation in exon 1 at residue 13 (Figure 3.10) occurs in the NAD binding 
domain and changes asparagine (AAC) to tyrosine (TAC). The change in exon 5 
at residue 272 (Figure 3.11) is in the catalytic domain and substitutes cysteine 
(TGC) for arginine (CGC). Compared to ACB there is also a change in exon 6 of 
ACyg22 which gives rise to a change at residue 336 from asparagine to lysine. 
This single amino acid difference is responsible for the change in 
electrophoretic mobility between GPDG-F and GPDH-S (Bewley et al., 1989). 
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3.3 DISCUSSION: 
The Northern analyses indicated that the Gpdh RNA transcript from 
ACyg22 was the same in both size and amount (as far as could be determined on 
an autoradiograph), as that from the normal activity allele ACB. To elucidate 
the cause of the low activity it was necessary to sequence the ACyg22 gene and 
then to compare it with that of a normal activity allele to detect any differences 
in molecular structure. 
Comparison of the ACyg22 sequence with that of ACB revealed a number 
of changes. Overall in the region sequenced, the highest frequency of changes 
was seen in the 375-bp of the 3' flanking sequence with one change per 54 
nucleotides (Table 3.2). As expected from analyses of other Drosophila genes 
(Kreitman et al., 1983), the regions having the lowest frequency of changes were 
the exon coding regions where on average a change only occurred once in every 
220 nucleotides. Overall the number of transitions and transversions were very 
similar, 14 and 16 respectively, which is in contrast to the data reported by 
Symonds (1990) who found in similar comparisons between a low activity 
variant ACb62 and normal activity alleles that there was a trend towards an 
excess of transversions over transitions. However, since her comparisons were 
made against the two published Canton-S sequences of Bewley et al. (1989) and 
von Kalm et al. (1989), which were obtained from different sources, the 
differences in transversion frequency may not be significant. 
A number of sequences have been identified in the 5' upstream region of 
eukaryote genes as being important in the regulation of gene expression. In 
Gpdh, a TATA box, a CAAT box and a cAMP regulatory motif have been 
putatively identified (Bewley et al., 1989). Comparison of the ACyg22 sequence 
with that from ACB does not indicate nucleotide changes in any of these areas. 
Neither is there any change in the 5' transcription initiation sequence (von 
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Kalm et al., 1989) which includes the start site. However, there have been no 
reports of experimental studies investigating the regulatory effects of these S' 
regions on Gpdh transcription so their importance is unknown. There are 
numerous substitutions in the immediate 5' area of ACyg22 compared with 
ACB so the possibility remains that one or more of these changes may be in a 
regulatory motif and have some effect on GPDH activity, however, this is not 
reflected in the Northern blot data. 
Other regions within the transcription unit which are crucial for effective 
expression are the splice site junctions between exons and introns and their 
branch sites (Keller and Noon, 1985). There has been considerable mutational 
analysis of the splicing process in eukaryotes which has provided valuable 
information on the sequences required at the exon/intron boundaries and on 
the specific role each site plays in the process (Treisman et al., 1983). The 5' and 
3' splice regions are highly conserved and have a crucial role in splicing. The 5' 
consensus sequence comprises nine nucleotides, (C/ A)AG'GU(G/ A)AGU; of 
which the GU follo\4ling the cleavage site is the most highly conserved. The 3' 
consensus sequence (C/U)11NCAG, consists of a pyrimidine-rich stretch 
followed by a strongly conserved AG dinucleotide preceding the 3' cleavage site. 
A further region which plays a role in the splicing process is the branch 
point, for which a consensus sequence PyNPyPuAPy has been proposed by 
Green et al. (1986) based on analysis of introns in a variety of organisms. Keller 
and Noon (1985) found a different consensus - (T /C)T(G/ A)A(T /C) - which 
appears to be specifically applicable to Drosophila (Figure 3.12b). Since the Gpdh 
transcription unit has eight exons, three of which are differentially spliced, it 
could be susceptible to changes in these regions. The sequence obtained for 
ACyg22 was therefore compared to that for ACB to determine if there were any 
changes in areas which might affect splicing. The AG dinucleotide at the 3' 
exon/intron junction is absolutely conserved in the ACB sequence (Figure 
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3.12a). In contrast, the GU dinucleotide at the 5' site is only present in the ACB 
sequence for exons 1, 2, 4, 5 and 6. Although this is usually highly conserved, 
dinucleotides other than the 5' GU sequence have been observed previously in 
a Drosophila pre-mRNA, indicating that there are exceptions (Citri et al., 1987). 
The ACyg22 sequence does not differ from the ACB sequence at any of these 
positions. However, a number of single base substitutions in introns in ACyg22 
did lead to the formation of new GU sequences at positions 2510/2511 and 3755 
(numbering refers to the aligned genomic sequences in Appendix C) but as the 
normal splice sites are unchanged these probably have no effect. There was no 
evidence from the Northern analyses of transcripts of a different size to that of 
the normal allele. 
Based on the information in Keller and Noon (1985), a single putative 
branch point site can be located in all introns except two. Figure 3.12a shows the 
final SO base pairs in each of the seven introns in ACyg22. In introns 2 and 5, no 
sequences can be found which correspond exactly to the consensus, and so 
sequences having on~ nucleotide difference have been underlined. Compared 
to the ACB sequence, there are two changes within the final 50 base pairs of the 
intron 4 sequence in ACyg22. These are a T to A substitution at position 3705, 
and a T to G substitution at 3710. Clearly both of these changes are outside the 
putative branch site region. 
Two out of the five changes in exon sequences were in the third position 
of the codon and would have no effect on the GPDH amino acid sequence of 
ACyg22 compared to that of ACB. The remaining three changes would cause an 
amino acid change. The A to T change at residue 336 in exon 6 leads to the 
substitution of asparagine by lysine. This replacement substitutes a non-
positively charged, non-polar amino acid (Asn) for a positively charged, non-
polar amino acid with a long aliphatic side chain (Lys). The same change was 
previously described by von Kalm et al. (1989) and Bewley et al. (1989) as being 
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responsible for the GPDH-F /GPDH-S polymorphism which can be detected 
electrophoretically. This suggests that ACyg22 was derived from a Gpdhf allele 
as the enzyme produced by ACB is electrophoretically slow. A second change 
that occurred at residue 13 in the NAD binding domain of the protein (Otto et 
al., 1980) was an asparagine to tyrosine replacement. A third change at residue 
272 was from arginine to cysteine, and while this residue forms part of the 
catalytic domain, it is not one of the three residues previously identified as part 
of the active site involved in substrate binding (Otto et al., 1980). 
Using the inferred amino sequence deduced by both Bewley et al. (1989) 
and von Kalm et al. (1989) the secondary structure of the GPDH protein 
produced by ACyg22 can be predicted. The methods available for this were 
those described by Chou and Fasman (Chou and Fasman, 1978) and Robson and 
Garnier (Garnier et al., 1978). The Chou-Fasman method is derived from a 
compilation of statistics on the tendancy of each of the 20 amino acids to appear 
in a given secondary structure (Macvector Manual, 1991). Chou and Fasman 
identified groups of- helix or sheet forming residues and applied a set of 
heuristic rules to determine whether they were significant enough to nucleate a 
helix or beta sheet structure. Robson and Garnier utilized the empirical 
knowledge that a certain amino acid may exert an effect on the conformational 
state of its adjacent eight amino acids. Using a set of 25 proteins with known 
secondary structure as a data base, they calculated the probability of a given 
amino acid assuming a possible conformation, and assigned the conformation 
with the largest likelihood to that partricular amino acid. A third prediction 
can also be made by combining the results of the two methods and plotting only 
the regions in which they agree. It has been estimated that each method has 
about a 60% probability of being correct (Nishikawa, 1983). 
According to the Chou and Fasman method (Figure 3.13), a change in the 
amino acid sequence at residue 13 from the small, polar asparagine amino acid 
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to a hydrophobic, charged tyrosine amino acid has no effect on the secondary 
structure and it would still reside in a beta turn. However, the Robson and 
Garnier method, as well as the combined plot, both predict that there would be 
an alteration in the size and number of beta turns. The change at residue 272 is 
from arginine, a positively charged polar amino acid, to cysteine, a small 
hydrophobic amino acid. While all three methods predict no changes to the 
secondary structure at residue 272 (each predicts a beta turn), the Robson and 
Garnier algorithm predicts a change from a beta turn to an alpha helix 
formation at residues 273 and 274 which could be significant to the overall 
protein conformation (Figures 3.14). 
Dayhoff (1972) has argued that in any discussion on the effects of amino 
acid changes, one must consider the frequency with which a specific amino acid 
change is found as well as the tendency of each amino acid to remain 
unchanged. Dayhoff (1972) produced matrices which may be used to indicate 
whether a certain amino acid mutation will be accepted or possibly alter the 
conformation of a protein. By comparing the amino acid changes in ACyg22 
with the appropriate matrix it is clear that both the Asn to Tyr and the Arg to 
Cys substitutions are very rare - they have not occurred in eight hundred and 
fourteen nucleotide changes. By counting the number of times that each amino 
acid has changed in a given time interval, and the number of times that it is 
present in the sequences and thus been subject to mutation, Dayhoff (1972) was 
able to calculate the relative mutability for each amino acid. On this scale 
asparagine rates the third highest, one of the most mutable amino acids, while 
arginine was found to have the fifth lowest probability of mutation. Dayhoff 
(1972) also produced mutation probability matrices for evolutionary distances of 
2 P AMS (accepted point mutations per 100 links) and 256 P AMS respectively. In 
both cases the probabilities of an Asn to Tyr and a Arg to Cys substitution are 
the same. The low frequency of both these substitutions is indicated for 2 P AMs 
and 256 P AMs where the probability of the changes is zero and 1 % respectively. 
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This means that in comparing two sequences of average amino acid frequency 
at the distance of 256 PAMs, there is a 1 % chance that a position containing 
arginine in the first sequence will contain cysteine in the second. 
Another parameter for comparing the changes to proteins arising from 
amino acid subsitutions is the hydrophilicity scale which is a measure of the 
relative affinity in water. Generally the hydrophilic regions are exposed on the 
outside of the molecule, whereas hydrophobic domains tend to be located 
inside the molecule or inside other hydrophobic environments such as 
membranes. According to the Kyte-Doolittle scale (Kyte and Doolittle, 1982) the 
change at position 13 appears to make virtually no difference to the hydropathy, 
while the alteration at position 272 makes this residue and those in the 
immediate vicinity slightly more hydrophobic (Figures 3.15, 3.16). However 
since cysteine has the property of being able to form disulphide bonds, Kyte and 
Doolittle (1982) advise that the hydropathy value for this amino acid may be 
less reliable than others. 
The fact that cysteine is able to form disulphide bonds further implicates 
this change as being a prime candidate in leading to changes in protein 
conformation. The positions of the disulphide bonds in GPDH are unknown 
although there are eleven cysteine residues. Symonds (1990) investigated the 
thermolability of GPDH derived from a number of low activity and normal 
activity alleles and found that ACyg22 was more thermolabile at 0°C and 35°C, 
and very much more at S0°C, than the normal activity control. Taylor (1986) 
has argued that there is a strong evolutionary need for disulphide bonds to be 
conserved, and that their breakage can drastically alter the conformation and 
stability of a protein. Whether the change in ACyg22 alters the number of 
disulphide bonds is unknown, but it could compete with normal cysteine 
residues. 
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It is worthwhile to compare the amino acid sequence for Gpdh in 
D.melanogaster with sequences for the same gene in other organisms, such as 
the mouse, rabbit, D.virilus and the yeast, Schizosaccharomyces pombe (Figure 
3.17). At the position of the Asn to Tyr substitution in D .melanogaster , 
asparagine is conserved except in the rabbit where an aspartate residue is 
present. At the site of the Arg to Cys substitution, the arginine residue is 
conserved in all except yeast. Although both sites occur in highly conserved 
blocks of 17 amino acids, there are exceptions in both positions to the consensus 
sequence, which may indicate that this site is not crucial in the overall protein 
conformation. 
The variant ACyg22 was only found on a single occasion and subsequent 
re-screening of the Cygnet population (more than 1000 alleles in four years) has 
failed to isolate a similar variant. It is possible that the Asn to Tyr change in 
exon 1 occurred first and was, by itself, adaptively neutral, and then a second 
mutation in exon 5 occurred which gave rise to the Arg to Cys substitution. It is 
unknown how long _the allele had been in the population, but the evidence 
now is that it has not persisted. 
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Table 3.1 GPDH activity in adults and 3' instar larvae from a stock homozygous for a control allele and from a stock 
homozygous for a low activity allele, ACyg2 f- (Data from Symonds, 1990). 
Control 
line 
Low 
activity 
variant 
Gpdh 
allele 
GpdhS 
ACyg22 
Adult Relative 
GPDH adultGPDH 
activity 
452.7 (4.6) 1.00 
24.7 (2.0) 0.05 
3rd instar Relative Relative 
GPDH 3rd instar GPDH amount of 
activity activity CRM+ 
65.6 (3.0) 1.00 1.00 
3.3 (0.2) 0.05 0.05 
-
-
Table 3.2 The types of nucleotide changes found in the sequence of AC y g 2 2 compared to that of AC 8 . The 
occurrence of the changes in a given region of the Gpdh gene and flanking sequences is shown. 
In "other changes" are included all deletions, insertions, inversions and replacements . 
Leader Exons 
5' sequence sequence (translated Introns 3' sequence Total 
sequence) 
N ° of nucleotides 663 136 1100 3211 375 5485 
Transitions 1 - 1 10 2 14 
Trans versions 3 - 4 8 1 16 
Other changes 1 - - 4 4 9 
Total changes 5 - 5 22 7 39 
Number of 133 - 220 146 54 140 
nucleotides per 
single change 
l 
-
~ 1 
Acs - ACyg22 ACB 
Figure 3.1 Electrophoretic phenotypes 
Stained GPDH proteins after electrophoresis on a cellulose acetate 
membrane from the low activity variant ACyg22 and two control 
lines, ACS and ACS. 
A-adult; th-thorax; ab-abdomen. 
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Figure 3.2 Southern blot of ACyg22. 
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The digestions were made with the following enzymes: lane 2-Sac I; lane 3-P~t I; lane 4-Hpa I; 
lane 5-Xba I; lane 7-Bam HI; lane 8-Hind III; lane 9-Sac I/ Hind III; lane 10-Bam HI/ Hind III; 
lane 11-Xba I/Sac I; lane 13-Xba 1/Pst I; lane 14-Sac 1/Pst I; lane 15-Xba I/ Hind III; lane 16-
Hpa I/Hind III; lane 17-Sac 1/Hpa I. The marker DNA in lanes 1, 6 and 12 is lambda digested 
with Hind Ill. The probe used was pDm60a(c). 
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Figure 3.3 Southern blot of ACS. 
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lambda 
Hind III 
- 23.13 
-9.42 
-6.68 
-4.36 
-2.32 
-2.02 
The digestions were made with the following enzymes: lane 1-Sac I; lane 2-Pst I; lane 3-Hpa I; 
lane 4-Xba I; lane 6-Bam HI; lane 7-Hind III; lane 8-Sac I/Hind III; lane 9-Bam HI/Hind III; 
lane 10-Xba I/Sac I; lane 12-Xba l/Pst I; lane 13-Sac 1/Pst I; lane 14-Xba I/ Hind III; lane 15-
Hpa I/ Hind III; lane 16-Sac I/ Hpa l. The marker DNA in lanes 5 and 11 is lambda digested 
with Hind III. The probe used was pDm60a(c). 
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Figure 3.4 Restriction map of Gpdh showing probes used. 
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(a) The restriction map of ACyg22 shows no polymorphisms compared to the ACB sequence. 
ACyg22 and ACS both have a 400-bp sequence in intron 2 (shown underneath the restriction map) 
that was absent in the Bewley et al. (1989) sequence but present in the von Kalm et al. (1989) 
sequence. The position of the Gpdh transcription unit is indicated above the restriction map. 
(b) The boxed areas represent the probes which were used to screen a lambda library and isolate 
clones. The three smaller probes were produced by the polymerase chain reaction and the numbers 
refer to the flanking primers (for precise positions see Appendix B). 
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ACS ACyg22 ACS ACyg22 
(adult) (adult) (larvae) (larvae) 
pDm60a(c) 
ras 
Figure 3.5 Northern blots of a normal activity GPDH allele, ACS, and a low 
activity allele, ACyg22. 
lOµg of poly A+ RNA for each of the samples was electrophoresed and a Northern 
blot was prepared. The probe pDm60a(c) hybridises to an mRNA transcript of about 
1.7-kb in ACS adults and larvae. The pattern for ACyg22 adults and larvae is the 
same as for ACS indicating normal levels and a normal sized transcript. 
The lower part of the figure indicates the hybridisation pattern for the ras probe 
which was used as a control to check that equal amounts of RNA were loaded on the 
gel. 
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Figure 3.6 Hybridisation analysis of filters carrying plaques from ACS clones in Gem-11 and 
EMBL3. 
(a) The putative Gpdh positive lambda GEM-11 clone G26 was plated, lifted and probed with 
two different probes. The filter labelled 1 was probed with pDm60a(c), a plasmid containing 
most of the Gpdh transcription unit as well as some 3' sequence. This probe hybridised positively 
to every plaque, although some plaques gave stronger signals than others. The filter labelled 1' 
was probed with PCR45(2) which was a fragment of DNA that had been amplified from the 
Gpdh locus of the ACB variant. This probe hybridised to only a selection of the plaques, which 
corresponded to the more intense plaques on the pDm60a( c) filter . This result indicated that 
there was heterogeneity in insertions cloned. 
(b) The insertion from the GEM-11 clone G28 was removed and cloned into a second lambda vector, 
EMBL3. Again duplicate filters were probed with the same two probes described above with 
similar results. However, when a positive plaque (£29) in this vector was isolated, replated and 
probed, all of the subsequent plaques hybridised positively to both probes with equal intensity 
indicating that all clones had the same insertion (not shown). 
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Figure 3.7 Determination of clone insertion by the polymerase chain reaction. 
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M13 
(a) By amplifying colonies with the PCR using one primer located within the vector and the 
other within the inserted genomic fragment it is possible to determine the orientation of the 
insert. The diagram represents an example of this using a cloned insert from the Gpdh locus. 
Insertedsequence is represented by the shaded area. 
(b) Photograph of PCR reactions used to determine the orientation of the 2.4-kb subclone of ACB. 
Lanes 1 and 2 are controls using RP /JG53 and JG8/Ml3 primers respectively on other clones that 
had already been characterised. Lanes 3-14 use primers JG53/M13, and of these samples only lane 
6 amplifies to give a correct fragment (the faint bands present in all lanes are non-specific 
amplification products). 
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Figure 3.8 A summary of the sequence changes in ACyg22 compared to 
the sequence of the normal activity allele ACS. 
The map of the transcription unit above the changes indicates the 
positions of the regions described in this Figure and in Table 3.2 
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IITRHLKIPCAVLMGANLANEVAEGNFCETTIGCTDKKYGKVL 1so 
LFQANHFRVVVVDDADAVEVCGALKNIVACGAGFVDGLKLGDN 225 
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Figure 3.9 The complete amino add sequence of GPDH deduced from the Gpdh sequence 
data of von Kalm et al. (1989). 
The changes seen in ACyg22 are shown above the amino acid sequence. They were an 
asparagine to tyrosine substitution at residue 13 and a cysteine to arginine substitution at 
residue 272. The slow/fast electrophoretic change is also indicated at residue 336 and 
involves an asparagine (slow) to lysine (fast) substitution. The amino add sequence can 
be divided into two functional domains. Residues 1-118 define an NAO binding domain, 
while residues 119-349 define a catalytic domain (Otto et al., 1980). In this figure the 
NAO binding domain is underlined. 
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Figure 3.10 ACyg22 nucleotide substitution at residue 13. 
Compared to the normal allele, ACB, the low activity variant, ACyg22, has an A to T nucleotide 
substitution. This results in a change in the amino acid sequence at residue 13 (exon 1) from 
asparagine to tyrosine. 
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Figure 3.11 ACyg22 nucleotide substitution at residue 272. 
Compared to the normal allele, ACB, the low activity variant, ACyg22, has a C to T nucleotide 
substitution. This results in a change in the amino acid sequence at residue 272 (exon 5) from 
arginine to cysteine. 
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Figure 3.12 Analysis of 3' splice site and branch points in ACyg22 
(a) The SO basepairs preceding the 3' splice site of each intron in ACyg22 are shown. 
The nucleotide sequence (C/T)AG adjacent to the 3' cleavage site is indicated in bold 
type. The putative branch sites (based on the Drosophila consensus sequence) are 
underlined. Where no sequence matches the consensus, those sequences having the 
closest match are underlined. Where the ACyg22 sequence differs from the ACB 
sequence, the changes are highlighted in bold text. The numbering of the sequence refers 
to the aligned genomic sequences in Appendix C. 
(b) The consensus sequence for the Drosophila branch site as found by Keller and Noon 
(1985) from their study of 39 Drosophila introns. 
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Figure 3.13 Secondary structure predictions for the ACB and ACyg22 sequences. 
Secondary structure predictions were made from residue 2 to 24 using the Chou-Fasman (CF), 
Robson-Garnier (RG) methods as well as a combined plot (CfRg). The amino acid change is from 
asparagine to tyrosine at residue 13. 
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Figure 3.14 Secondary structure predictions for the ACS and ACyg22 sequences. 
Secondary structure predictions were made from residue 260 to 282 using the Chou-Fasman (CF), 
Robson-Garnier (RG) methods as well as a combined plot (CfRg). The amino acid change is frolT' 
arginine to cysteine at residue 272. 
74 
1, 
I I 
.I 
::,'\ 
-·u 
:c 
Q. 
0 
I.. 
"'O 
::,'\ 
:c 
AC8 
2 4 6 8 10 12 14 16 18 20 22 24 
A D K V N V C I V G s G N w G s A I A K I V G A 
ACyg22 
5.00 
Hydrophilicity Window Size = 7 Scale = Kyte-Doolittle 
4.00 
3.00 
2 .00 
1. 00 
0 .00 
- 1. 00 
- 2.00 
- 3.00 
- 4.00 
-5 . 00 
2 4 6 8 10 12 14 16 18 20 22 24 
A D K V N V C I V G s G y w G s A I A K I V G A 
Figure 3. 15 Hydrophilicity plots for the ACS and ACyg22 sequences. Hydrophilicity plots were 
made from residue 2 to 24 using the algorithm of Kyte and Doolittle (1982). The areas above and 
below the mid-point line represent hydrophilic and hydrophobic regions of the protein 
respectively. The amino acid change is from asparagine to tyrosine at residue 13. 
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Figure 3.16 Hydrophilicity plots for the ACB and ACyg22 sequences. Hydrophilicity plots were 
made from residue 260 to 282 using the algorithm of Kyte and Doolittle (1982) . The areas above 
and below the mid-point line represent hydrophilic and hydrophobic regions of the protein 
respectively. The amino acid change is from cysteine to arginine at residue 272. 
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residue 13 residue 272 
I I 
D.rnel VCIVGSGNWGSAIAK CYGGRNRRVSEAFVT 
D.vir VCIVGSGNNGSAIAK CYGGRNRRVSEAFVT 
mouse VCIVGSGNWGSAIAK CYGGRNRRVAEAFAR 
rabbit VCIVGSGDWGSAIAK CYGGRNRRVAEAFAR 
Schpo IGWGSGNWGTAIAK CLGGRNNKCAEAFVK 
consensus VCIVGSGNWGSAIAK CYGGRNRRVAEAFV-
Figure 3.17 Amino acid comparisons at the Gpdh locus. 
The amino acid sequences for the Gpdh locus for five different organisms have been aligned: 
D.melanogaster (von Kalm et al., 1989; Bewley et al., 1989), D.virilus (Arai et al., 1988), Mus 
musculus (mouse) (Dobson et al., 1987), Oryctolagus cuniculus (rabbit) (Otto et al., 1980) and 
Schizosaccharomyces pombe (Arai et al., 1988). Only the seven adjacent residues on either side of 
the two altered amino acids in ACyg22 are shown and a residue is only assigned to the consensus 
sequence where it is common in 4 out of the 5 samples. 
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CHAPTER 4: 
MOLECULAR ANALYSIS OF TRANSCRIPTION INITIATION AT 
THE Gpdh LOCUS 
4.1 INTRODUCTION: 
A variant Gpdh allele, AMBS, isolated from a Queensland population 
has previously been studied (Reed, 1989) and shown to produce about 10 
percent of normal levels of GPDH activity compared to the wild-type (control) 
allele, ACB (Table 4.1). The levels of all three GPDH isozymes in AMBS are 
present in lower concentrations compared to those of the wild-type ACB (Figure 
4.1). Reed (1989) demonstrated that AMBS adults produce two mRNA 
transcripts, and both occur in lower concentrations than the single transcript 
produced by the wild-type allele. One of these transcripts is similar in size to 
the normal transcript (1 .7-kb) while the other one is slightly larger 
(approximately 1.9-kb). 
The AMB5 transcription unit and its flanking sequences were cloned 
and sequenced (Reed, 1989) and the data, which included 5520-bp of AMBS 
sequence, was compared to the sequence for the normal allele, ACB . This 
comparison identified 66 single base substitutions and six deletions of six or 
more bases together with five small insertions of under six nucleotides in 
AMBS. Four of the single base substitutions were within exon sequences but 
none were predicted to give rise to amino acid substitutions. The major 
alteration detected in AMBS was a 74-bp deletion/20-bp insertion in the 5' 
region near the transcription initiation site (see section 2.1). The 74-bp deletion 
removed the normal TAT A box which has been shown in many other genes to 
be essential for accurate transcription initiation (Davison et al., 1983; Reinberg et 
al., 1987). 
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Experiments have shown that the first and perhaps most critical step in 
transcription initiation involves the binding of the transcription factor TFIID to 
the TATA box, and hence the efficiency of transcription is drastically reduced in 
mutants in which this region is altered (Davison et al ., 1983; Fire et al. , 1984). 
The absence of a TATA box has been shown in other systems (Corden et al ., 
1980) to result in transcription initiation that gives rise to mRNAs with 
heterogeneous 5' ends, suggesting that other related sequences can be utilized as 
substitute TATA boxes (Benoist and Chambon, 1981). 
In the light of this information, the observed deletion of the TATA box 
in AM BS is expected to result in low levels of mRNA transcripts with 
heterogeneous 5' ends. The Northern blot analysis of total RNA from AMB5 
adults probed with the Gpdh probe, pDm60a( c), is consistent with this 
expectation. However, no evidence was obtained about the origin of the larger 
transcript. The extra sequences in the large transcript might arise from 
upstream initiation at the 5' end or because transcription terminates further 
downstream than normal. Alternately there may be an intron or perhaps a 
section of one which is imprecisely spliced. Each of these alterations could 
result in a larger transcript. 
The exact position of the nucleotide at which the Gpdh transcript is 
initiated remains unclear. Two groups of researchers have published Gpdh 
genomic sequences and independently used primer extension and Sl nuclease 
tests to predict a transcription start site (von Kalm et al., 1989; Bewley et al., 
1989). These predictions differ as is indicated in Figure 4.2. Bewley et al. predict 
transcription to initiate 6-bp upstream from where von Kalm et al. propose it 
takes place. On comparing each site with a consensus sequence 
(ATCAG/TTC/T) for the transcription initiation site derived from studies on 
other insect genes (Hultmark et al., 1986), it appears that the Bewley et al. (1989) 
estimate matches this more closely (88% homology) than the von Kalm et al . 
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(1989) estimate (38% homology). Theoretically, either of these positions could 
be correct as they both occur at A nucleotides (the most common initiating base) 
and are both within an acceptable distance from the TATA box promoter. 
To clarify this uncertainty and to determine the origins of the two 
transcripts detected in the low activity variant Gpdh allele AMB5, experiments 
were undertaken to investigate the site of initiation of transcription in several 
Gpdh lines. 
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4.2 RESULTS: 
Poly (A)+ mRNA was prepared both from adult flies and larvae of the 
low activity Gpdh variant, AMB5, and a control normal activity Gpdh allele, 
ACB. Northern blots were probed with pDm60a(c) which includes Gpdh 
sequences extending from exon 2 to the 3' end of the transcription unit. Good 
quality Northern blots were difficult to obtain for AMB5, chiefly due to the low 
abundance of the AMB5 transcripts. Nevertheless the data (Figure 4.3) indicate 
that the mRNA transcripts in 3rd instar larvae of AMB5 are similar, both in 
size and abundance, to those in adults. A control probe, complementary to the 
ras gene, was used to check that the amounts of RNA loaded were similar. In 
3rd instar larvae and adults of AMB5 there are two relatively faint Gpdh 
transcripts of approximately 1.7 and 1.9-kb. This similarity between larvae and . 
adults is not unexpected as the GPDH isozymes in both stages (GPDH-3 in 
larvae; GPDH-1, -2, -3 in adults) are believed to be derived from a single gene 
and probably utilize the same promoter sequences. 
To determine whether the additional sequence in the larger 1.9-kb 
transcript was due to transcription initiation occurring at a region located 
upstream of the normal site, a Northern blot of AMB5 and ACB RNA was 
probed with two oligonucleotides, JG56 and JG63. As indicated in Figure 4.4, 
JG56 is complementary to a region of the Gpdh sequence located 105-bp 
downstream of the postulated normal transcription start site. The second 
primer, JG63, anneals to the Gpdh sequence at a point about 110-bp upstream of 
the normal transcription start site. 
Probing this Northern blot with JG56 produced a single hybridisation 
band for ACB but two bands for AMB5, corresponding to the two transcripts 
initially observed. When the other primer, JG63, was hybridised only a single 
band of hybridisation was observed, which corresponded to the larger (1.9-kb) 
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Theoretically, using the primer JG37 and the anchor primers, the PCR should 
yield two DNA fragments which represent the 5' ends of each of the mRNA 
transcripts. Experimentally, however, only one fragment was amplified and 
this corresponded in size to the fragment expected from the normal sized 
transcript. This result was not surprising as previous PCR data have indicated 
that where two possible fragments may be amplified (for example in 
heterozygotes where one allele contains a deletion) the shorter fragment is 
usually preferentially amplified with the larger fragment being only weakly 
amplified, if at all . In order to amplify the 5' end of the larger mRNA 
transcript, a primer upstream of the 5' end of the normal transcript (JG8) was 
required. 
I 
AMB5 transcript. This result proved conclusively that initiation of the larger 
transcript was taking place in a region more than 110-bp upstream of the 
normal start site for transcription. 
To more precisely determine the position where initiation of 
transcription occurred in Gpdh a method was used to amplify by the PCR the 5' 
end of the AMB5 transcript. This method, which is briefly outlined in Figure 
4.5, used two Gpdh specific primers, JG8 and JG37, which both bind in exon 3 
(the exact positions of these primers in relation to the Gpdh gene is given in 
Appendix B). JG8 was used with reverse transcriptase to synthesize a single 
stranded cDNA which was purified on a sephadex column. A 35-bp 
oligonucleotide "anchor" was then ligated to the 3' end of this fragment. By 
using two primers - the Gpdh specific primer JG37 and another which was 
complementary to the anchor - a double stranded fragment was amplified 
*" which incorporated the 5' end of the Gpdh transcript. The expected size of this 
fragment in the normal allele was approximately 530-bp. From the photograph 
in Figure 4.6 it appears that similar sized fragments are amplified for each of the 
three Gpdh variants studied which indicates similar sized mRNA transcripts. 
These fragments were then digested with EcoRI and DraI and ligated into a 
pBluescript plasmid vector for sequencing. 
The sequence data obtained in this experiment are shown in Figure 4.7. 
Four separate clones were isolated and sequenced for the control allele, ACB, 
and for the variant AMB5. These data show that each of the transcripts 
originate S' to where von Kalm et al. (1989) predicted the initiation site to be, 
and all are at least one base longer than the Bewley et al. (1989) prediction. As 
most of the extra bases match the genomic template, it is likely that they are 
present in the normal transcripts, and therefore not artefacts arising from the 
method. Transcription appears to be occurring in an almost wild-type position 
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in AMBS which is especially interesting as this mutant lacks a normal TATA 
box in the usual position. 
To determine the initiating nucleotide for the larger AMBS transcript, 
the same method was used but with a different Gpdh primer in the PCR 
amplifications. While JG8 was again used to synthesize the first cDNA strand, 
JG63, which is located 110-bp upstream of the normal transcription initiation 
site, was used in the PCR. The EcoRI site in the anchor was used along with an 
Alu! site in the Gpdh template in order to clone the fragment. Ten individual 
clones were isolated and sequenced. Each of the ten clones was found to 
originate at a different position over a distance of about 150-bp (Figure 4.8). This 
indicated that the larger hybridisation band in the Northern blots of AMBS was 
actually composed of a number of different transcripts that were heterogeneous 
in their 5' ends. 
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4.3 DISCUSSION: 
The lesion responsible for the low GPDH activity and reduced levels of 
mRNA in the low activity Gpdh allele AMB5 is a 74-bp deletion/20-bp insertion 
which removed the normal TATA box promoter. Northern blots show that 
two low abundance transcripts are produced both in the larval and adult life 
stages. 
Analyses of the 5' ends of the transcripts reveals that the smaller (1.7-kb) 
mRNA transcript appears to originate at or very close to the normal wild-type 
position despite the absence of the normal TATA box. However, within the 20-
bp insertion there are two 6-bp sequences that resemble TATA boxes (Figure 
4.8). Both of these sequences, TATTAT and TTATTT, show homology to 4 out 
of the 7 bases of the consensus sequence. Data reported by Benoist and 
Chambon (1981) indicate a degree of variability in specific TATA sequences, and 
numerous published TATA boxes have been shown not to have complete 
homology to the consensus (Simon et al., 1988; von Kalm et al. , 1989). The 
AMB5 data suggests that one or both of the inserted sequences in this gene are 
acting as a substitute TATA box to direct the RNA polymerase to an initiation 
site which produces a wild-type transcript. Substitute TATA boxes have been 
shown to operate for a variety of loci in which the normal TATA box has been 
removed or significantly altered (Grosschedl and Birnsteil, 1980). Clearly this 
process is operating in AMB5 at a lower efficiency than the normal initiation 
does. 
When the upstream region of the AMB5 sequence was scanned, a 
number of other AT rich regions were identified which could function as 
substitute TATA boxes for the larger mRNA transcript(s). However, the results 
of the PCR analyses on the larger transcript(s) (Figure 4.8) revealed that none of 
them originated in close proximity (within 30-bp) to any of these AT regions 
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indicating none were being used as TAT A boxes. The fact that all transcripts 
were initiating at different nucleotides provided further evidence for this. This 
result is consistent with evidence that has been obtained for mutants at other 
loci in which heterogeneous 5' ends are produced when no TAT A box is 
available (Grosschedl and Birnsteil, 1980). In the case of the SV40 gene, deletion 
of the TAT A box resulted in the production of eleven different sized transcripts 
all of which had heterogeneous 5' ends (Benoist and Chambon, 1981). 
The heterogeneity in the initiation sites detected in the 1.7-kb transcripts 
for both the normal ( ACB) and variant ( AMB5) strains might suggest that 
transcription of mRNA may not always be initiated from the same nucleotide. 
Furthermore, it is possible that the frequency of initiation from a particular 
position may vary. Although transcription initiation at these Gpdh alleles 
occurs at a number of different positions, there does appear to be a preference 
for an initial A nucleotide which is in aggreement with data reported by Benoist 
and Chambon (1981). The predictions of both von Kalm et al., (1989) and 
Bewley et al., (1989) also gave an A nucleotide as the start site. 
These analyses have therefore explained the origins of the two 
transcripts produced by AMB5 adults and provided evidence that the normal 
site of transcription initiation at the Gpdh locus is closer to the position 
advocated by Bewley et al. (1989) than that by von Kalm et al. (1989). It is worth 
commenting that neither of these authors had sequenced the transcripts and 
this might account for the slight difference between their results and mine. 
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Table 4.1 GPDH activity in adults and 3' instar larvae from a stock homozygous for a control allele and from a stock 
homozygous for a low activity allele, AM B5. (Data from Symonds, 1990). 
Gpdh Adult Relative 3rd instar Relative Relative 
allele GPDH adultGPDH GPDH 3rd instar GPDH amount of 
activity activity activity CRM+ 
Control Gpdh5 452.7 (4.6) 1.00 65.6 (3.0) 1.00 1.00 
line 
Low 
activity AMB5 63.9 (2.1) 0.14 7.8 (0.8) 0.12 0.11 
variant 
ACS AMBS ACB 
Figure 4.1 Electrophoretic phenotypes. 
Stained GPDH proteins after electrophoresis on cellulose acetate 
membrane of extracts from the low activity variant, AMB5 and two 
control lines, ACS (electrophoretically "fast") and ACB 
(electrophoretically "slow"). 
A-adult; th-thorax; ab-abdomen. 
von Kalm et al. 
initiation 
Bewley et al. site 
site 
initiation j 
Gpdh genomic sequence + 
TTTGQI'TATATTAµCATGTGTGAGTGCAAACCAAGAATCAGTAGTCGCCGCC 
Figure 4.2 Predicted transcription initiation sites for Gpdh. 
The transcription start sites predicted by Bewley et al. (1989) and von Kalm et al. 
(1989) are indicated as is the putative TATA box promoter. 
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pDm60a(c) 
ras 
ACB 
(adult) 
AMBS 
(adult) 
ACB AMBS 
(larvae) (larvae) 
Figure 4.3 Northern blots of a normal activity GPDH allele, ACS, and the low activity allele, 
AMBS. 
lOµg of poly A+ RNA for each of the variants was electrophoresed and a Northern blot was 
prepared. The probe pDm60a(c) hybridises to an mRNA transcript which is about 1.7-kb in ACB 
adults and larvae. In AMBS, larvae and adults have a decreased level of mRNA, which is 
present as two transcripts of approximately 1.7 and 1.9kb. 
The lower part of the figure indicates the hybridisation pattern of similar blots probed with ras 
sequences to verify that equal amounts of RNA were loaded on the gel. 
JG56 JG63 
exon 1 exon 2 
JG56 
-
Figure 4.4 Hybridisation of Northern blots of ACS and AMB5 RNA with two oligonucleotide 
probes. 
lOµg poly A+ RNA for each of the variants was electrophoresed on a Northern blot. The oligo 
JG56 hybridises to a region 105-bp downstream to the normal transcription initiation site. The 
oligo JG63 hybridises about 110-bp upstream of the transcription start site. 
-[; JG37 JGB 
5' ~~ AAAAA 3' 
I 
Synthesize 1st strand 
cDNA with JG8 
Hydrolyze RNA 
Purify cDNA to 
remove excess primer 
I 3' 
JGB 
--
5' 
anchor Bl1 T4 RNA ligase ~ 
! ~ 
3' llsJ 5' 
anchor primer ~ v-~ ~ PCR 
•• 
-
JG37 Amplified 
• double-stranded 5' Ir 
-
cDNA fragment 
I 
I 
' , I 
EcoRI Sac! I 
.. I JG37 Clone into plasmid I 1, 1, •,; .·•.•:··~' .. and sequence 1, 
I! 
Ii 
II 
Figure 4.5 Method for PCR amplification of 5' ends of Gpdh mRNA. 
A single-stranded cDNA is synthesized using JG8, and a 35-bp anchor oligonucleotide is ligated to 1, 
the 3' end. Two primers, JG37 and another which is complementary to the anchor, are used with r, 
the PCR to amplify a double-stranded 5' cDNA fragment which is then cloned into a plasmid and I II 
sequenced. 
I 
I 
I 
I 
I 
I 
I ! 
I 
i 
91 
r, 
G'b . ~~ ~'b Spp-1 
~ 'tV. 't'- EcoRI 
- 6.96 
- 4.69 
- 2.68 
1.80, 1.89 
1.33 
- 0.66 
- 0.38 
Figure 4.6 PCR amplification of the Gpdh transcript 5' ends for two low 
activity variants, AT198 and AMB5, and a standard allele, ACS. 
The fragments were derived using the method outlined in figure 4.5. The 
sizes of the fragments in all cases are about 530-bp. 
Gpdh genomic 
von Kahn et al. 
initiation 
Bewley et al. site 
site initiation l 
+ sequence 
GCAAACCAAGAATCAGTAGTCGCCGCGGTTT 
pBluescript 
polylinker clone 
SK+ CGAAT 
ACS CGAAT 
GT --GAATCAGTAGTCGCCGCGGTTT 1 
GT ---AATCAGTAGTCGCCGCGGTTT 2 
AMBS 
SK- CGAAT GT ---AATCAGTAGTCGCCGCGGTTT 2.6 
CGAA T GT - - - AA TCAGT AGTCGCCGCGGTTT 2 . 4 
SK+ CGAAT 
CGAAT 
SK- CGAAT 
CGAAT 
Eco RI 
pBluescript 
GT --GAATCAGTAGTCGCCGCGGTTT s 
GT ---GATCAGTAGTCGCCGCGGTTT 6 
GT AGAATCAGTAGTCGCCGCGGTTT 7 
GT --GAATCAGTAGTCGCCGCGGTTT a 
5' 
anchor 
GpdhmRNA 
Figure 4.7 Gpdh 5' transcripts from the low activity variant, AMB5, and a standard 
allele, ACS. 
Four individual pBluescript clones were isolated for each of the two Gpdh variants. 
The EcoRI site used to clone the fragments is shown. The junction between the 4-bp from 
the anchor oligonucleotide (boxed) and the Gpdh sequence represents the transcription 
initiation site. 
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-505 ATTCCGAATCAAAACAGGCAAACCAATACACTTTAATAGTAAAAGGGAAA 
-455 !ATAAATAAATAAPjcT'J1rGTAAA'IpTTfATATAAAijrAAGGf0ATAAATtrc 
-405 ATGAAAAATAGGGGAATGTATGGTTTTCAAATTTTTTACGAATACCGTTA 
-355 ACGAATGCAAATGCACAATACCAATTTGAATTTGGCGCCACAACTGCTCA 
r r r 
-305 CTTTGCAGCACTGAACAAGAGCATGCGCAAAGGGGTTATACAGTACTGGT 
r r r r r r 
-255 CAATATACCAGGGATGCAACGCTCCAAAGTTCGGCAATTGAACCAATCTA 
r 
-205 AAGAGTTTAACTATTCTAGTACAACTACAGrrtrrATTTAAATAATT:rFCAT 
-155 GGTTAAAACAATACCAGGATGTACTGCGCATTGGAAAAGTGAGCGGATTT 
-105 CCCGCTTGCGAGCTTATCGCACCACCAACACAAACATACACATGCACACG 
-55 GACTCTCTTCGCTCTCTTCctrATTA'IfcfrrATT'IfATCATGGTGCAAACC 
-4 AAGAATC 
LmRN~ 
20-bp insertion 
Figure 4.8 Transcription initiation for the 1.7-kb and 1.9-kb AMBS transcripts. 
Ten clones were isolated and sequenced. The origins of transcription for each of the clones are 
indicated by the arrows. Sequences showing homology to TATA box promoters are outlined in 
boxes. The 20-bp insertion in AMBS is also shown. 
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CHAPTERS: 
DNA SEQUENCE ANALYSIS OF ATI98 AND OTHER Gpdh 
VARIANTS WITH SIMILAR PROPERTIES 
5.1 INTRODUCTION: 
From their surveys of Gpdh variants in Australian populations of 
D.melanogaster, Gibson et al. (1986) described four distinct groups of low 
activity variant. One of these groups, which included the most frequent type of 
variant (0.114 percent), was characterized by having an unusual phenotype 
when heterozygous with either Gpdhf or Gpdhs. Members of this group had 
normal electrophoretic phenotypes as homozygotes (roughly equal numbers of 
F and S were observed) although the staining intensity was weaker on cellulose 
acetate membranes. In each homozygote there were three bands of activity 
designated GPDH-Fl, -F2 and -F3 or GPDH-51, -52 and -53 with GPDH-Fl and 
GPDH-51 being the strongest staining bands. Heterozygotes between F and 5 
alleles of this class of variant have a normal pattern with the strongest staining 
bands at the positions of GPDH-F2 and GPDH-51 (see Figure 5.1). 
Heterozygotes between the variant alleles and normal alleles of a 
different electrophoretic phenotype produce an unusual staining pattern. For 
example, heterozygotes variant S/Gpdhf have the strongest band at a position 
equivalent to GPDH-Fl and in heterozygotes variant F/Gpdhs the strongest 
staining band is at the position of GPDH-51; both of these bands are much 
stronger than in normal heterozygotes (Figure 5.1). 
An explanation for this unusual pattern in heterozygotes came from 
data on quantitative GPDH assays of the variants (Gibson et al., 1986). These 
data show that in this class of variant the GPDH activity in homozygotes is 
about 50 percent of the normal level (see Table 5.1). In hemizygotes with 
95 
Df(2L)GpdhA GPDH activity is half the homozygote value (Table 5.1). However, 
in heterozygotes with normal activity alleles GPDH activity is significantly 
higher than the expected mid-parent level and is similar to that observed in the 
normal homozygote. 
The higher than expected activity appears to be due to the increased 
expression of the normal allele, and this is manifest in the electrophoretic 
phenotypes of the heterozygotes (Gibson et al., 1986). Using the markers clot (cl) 
and spade-flag (spdfg), which span the Gpdh locus, Gibson et al. (1986) attempted 
to map the low activity and the trans-acting effects on activity but found that 
neither character could be separated from the Gpdh locus. 
It is interesting to note that one of the variants (GB2) described by 
Langley et al. (1981) in their UK survey of null alleles was found to have similar 
properties to this group of Gpdh varints (Gibson et al., 1986). As the variants 
have been found in geographically separated populations the question arose 
whether the same molecular alteration has given rise to the phenotypic 
properties displayed by this category of variant, or whether there are a number 
of different causes. 
This chapter describes a molecular study of representatives of this group 
of variants and provides data which explains the cause of the reduced activity 
levels in homozygotes. In the next chapter I will describe experiments aimed at 
investigating the trans-acting effect on GPDH activity. 
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5.2 RES UL TS: 
A molecular analysis of the landscape surrounding the variant Gpdh allele 
AT198 was first made using enzymes which had been used previously to 
characterise other Gpdh alleles (Gibson et al. 1986). 
. Southern blotting 
was used to construct a restriction map of the gene and its surrounding region 
using labelled pDm60a(c) as a probe (Figure 5.2). Compared to the restriction 
map of the wild-type gene (ACB), I did not detect any differences in AT198 given 
the resolution (about 50-bp) of the technique. 
Northern blots were prepared from RNA from aged adults of two of the 
variants, AT198 and AK0107, to determine the relative transcript size and 
abundance compared to the standard allele ACB. The Northern blots (Figure 
5.3) showed that the transcripts in AT198 and AK0107 appear to be the same 
size (1.7-kb) as in the control, ACB. Furthermore, the pDm60a(c) signals clearly 
show that there is more Gpdh mRNA in ACB compared to both AT198 and 
AK0107. In the Northern blot at the left of Figure 5.3, equal amounts of 
poly(A)+ RNA were loaded in each lane and this is confirmed by the similar 
hybridisation signals for the control Saf-2 Adh probe. The blot on the right was 
made to verify the difference in mRNA concentration. In this blot the amount 
of poly(A)+ RNA loaded on the gel has been adjusted so that similar 
hybridisation signals are obtained with the Gpdh probe (pDm60a(c)). When the 
blot was reprobed with a control Saf-2 Adh probe, the two variants were seen to 
have a much more intense hybridisation signal (indicating more mRNA) 
compared to the standard strain, ACB. This result confirmed the differences in 
mRNA levels which were detected in the original blot. 
In the absence of any evidence from the Southern and Northen blots to 
suggest the presence of a molecular change in the landscape of AT198 I decided 
to clone this allele for further molecular analysis. The restriction map data 
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were used to select a suitable fragment which contained the AT198 locus and 
which was of a convenient size for cloning. The same 20-kb BamHI fragment 
used to clone ACB was chosen as it contained the complete gene along with 
some of the flanking sequence which might also harbour mutations that could 
be responsible for the low activity in AT198. The bacteriophage, lambda EMBL3 
was chosen as the cloning vector because it had suitable restriction sites and 
could incorporate 20-kb fragments. Two positive clones were isolated (41.1 and 
44.1) from which DNA was extracted and digested with suitable enzymes to 
verify that the clones were of the correct region (Figure 5.4). These digests 
indicated the presence of an insertion of about 1.2-kb, at a site in close proximity 
to the 5' end of the gene. This insertion was not identified in the initial 
Southern blots because the probe used did not extend to this part of the 5' 
region. Three fragments from this clone were chosen to subclone into 
pBluescript; a 4.9-kb 5' Sacl fragment, a 2.4-kb Sacl fragment and a 3.3-kb 3' 
Saeli BamHI fragment (Figure 5.5). 
Ideally, I would have liked to have been able to obtain positive clones 
for the 4.9-kb and 2.4-kb fragments in both orientations in SK+, and clones for 
the 3.3-kb fragment in both SK+ and SK-. However, I was unable to isolate any 
clones for the 4.9-kb fragment or a clone in SK+ for the 3.3-kb fragment. I 
decided to attempt to clone these fragments in other pBluescript vectors, 
namely KS- and SK-. This proved successful for both of these fragments so that 
the complete transcription unit could be sequenced along both DNA strands. 
The sequence of AT198 was obtained from nucleotide 1 to 5520 (Appendix C) in 
both directions and was compared to the sequence of the normal activity 
control, ACB (Figure 5.6). 
This comparison revealed that the sequence of AT198 was much more 
similar to ACB than had been the case with ACyg22. 15 single base changes were 
detected, 6 of which were insertions or deletions. Of the 9 single base 
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substitutions, 5 (56%) were transitions and 4 (44%) were transversions. Almost 
half of the total changes (7; 44%) were present in intron 2; there were no 
changes in exon coding regions (Table 5.2). 
The sequence data verified that there was an insertion of approximately 
1.15-kb in the 5' region between the TATA box motif and the transcription 
initiation site. The precise position of this insertion was found by sequencing 
with the primers JG 56 and JG 60 which complement regions on both sides of 
the insertion. These primers also enabled some of the insertion sequence to be 
determined. Using new sequence obtained from the insertion, other primers 
were made which could be used to sequence more of the insertion. In this way 
the entire insertion was sequenced along both DNA strands. 
The sequence data indicated that the exact length of the insertion was 
1154-bp, and that the insertion had terminal 31-bp inverted repeats. Flanking 
the insertion at both ends was the sequence GTGCAAAC, which is present in 
the normal sequence at nucleotides 670-677. 
A search through the EMBL database found that the sequence had very 
close homology to the 2.9-kb P element, a transposable element frequently 
found in Drosophila (O'Hare and Rubin, 1983). The insertion in AT198 was a P 
element deletion derivative, with an internal deletion from nucleotide 808 to 
2561 (Figure 5.7). The sequence GTGCAAC flanking the insertion was 
presumably the target site. Transposable elements of a similar size and 
sequence to the insertion in AT198 have been described previously (Black et al., 
1987) and are referred to as KP elements. While the sequence of the AT198 KP 
element is exactly the same as that isolated from the Krasnodar strain described 
by Black et al. (1987), the orientation is in the opposite direction. The target site 
also differed from that found by Black et al. (1987). 
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To test whether the other variants isolated in this category (which had 
low GPDH activity and exhibited a dominance effect on activity in 
heterozygotes) also had insertions, the polymerase chain reaction was used with 
ACygB, ACyg83, AAV65, AK0107 and GB2 to amplify the same 5' region that 
spanned the KP element insertion in AT198. Primers were used that either 
flanked the insertion on both sides or else, in the case of GB2 and AK0107, one 
of the primers was flanking while the other was internal (ie: complementary to 
sequence within the insertion) (Figure 5.8). By electrophoresing each of the 
amplified DNA fragments on a 1 % agarose gel it was apparent that all of the 
variants contained insertion sequences in the amplified region (Figure 5.9). 
The insertion in AK0107 was larger, and that in GB2, smaller than the one in 
AT198; the other variants examined all had the same sized insertion (1154-bp) 
as far as could be determined from the sizes of the amplified fragments on the 
gel. 
These experiments had shown that each of the variants examined 
contained an insertion at nucleotide 678 (reference to sequence in Appendix C), 
but it was still unknown whether each of the inserts had homology to P 
elements. To test this, the amplified DNA from the region was applied to a 
nitrocellulose membrane and hybridised to three different probes (Figure 5.10). 
The initial dot blot was probed with a region amplified from the control line, 
ACB, using the same primers (JG 56 and JG 61) that were used for amplifying the 
insertions. This probe was used to check that the normal Gpdh sequence had 
no homology to the P element clone (pn25.1), and verified that the same region 
had been amplified for each of the variants. The results (Figure 5.10) confirmed 
that there was no homology to the P element clone, and that only the PCR 
DNA hybridised. Furthermore, each of the Gpdh variants gave a positive 
result, indicating that the correct region had been amplified in all cases. 
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The P element clone, prr25.1 (Figure 5.10), hybridised positively to the 
region in all of the Gpdh lines, except the control ACB. These results indicate 
that the insertions in the leader region in all of the variants have some degree 
of homology to P element sequences. 
The third probe used was a 0.7-kb Pstl fragment which had been excised 
from the complete P element (position shown in Figure 5.7). This region is 
present in complete P elements, but is deleted in KP elements. The negative 
hybridisation result obtained with this probe showed that none of the variants 
contained this sequence, suggesting that some of the other insertions may also 
be KP elements (Figure 5.10). 
The region containing the insertion was again amplified from each of 
the five variants, AAV65, ACygB, ACyg83, AK0107 and GB2, so that it could be 
directly sequenced. As described previously, the relevant region in three of the 
variants, AAV65, ACy_sB and ACyg83 could be amplified using primers JG 56 
and JG 61, which were located on either side of the insertion (Figure 5.11), and 
gave amplified fragments of about 1.6-kb. These primers were chosen because 
they allowed the complete insertion to be amplified in a single reaction. The 
PCR primers JG56 and JG61 as well as several other primers were used to 
sequence the complete insertion along both DNA strands. The primers JG56 
and JG61 failed to produce sufficient PCR product for either GB2 or AK0107, 
and so for these two variants two or three overlapping fragments, using 
primers located both within the insertion as well as outside it, were used to 
amplify the region in order that the insertions in these variants could be 
sequenced. Figures 5.12 and 5.13 show the results when a range of primer pairs 
were used to amplify sections of the insertions in AK0107 and GB2 . 
Sequence data were obtained for the insertions in each of the five 
variant alleles and revealed that in each of them the insertions occurred at 
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exactly the same site as the KP element insertion in AT198. The insertions 
from AAV65, ACyg8 and ACyg83 were of exactly the same nucleotide sequence 
as the KP element insertion in AT198, although the insertions in AAV65 and 
ACyg8 were in the opposite transcriptional orientation (Figure 5.14). 
AK0107 contained an insertion which was 2316-bp in size. This 
insertion was found to be composed of two copies of the KP element in tandem, 
both of which were present in the same orientation as the KP elements in 
ACyg8 and AAV65 (Figure 5.12). 
The variant, GB2, isolated by Langley et al. (1981) from Great Britain, was 
also found to contain a P element deletion derivative, although it was smaller 
than the KP element being only 609-bp (Figure 5.13). A similar sized element 
has been reported previously by Itoh et al. (1989). 
As was mentioned previously, the 8-bp insertion site in AT 19 8 
(GTGCAAAC) was found to be duplicated and there was one copy flanking 
either side of the KP element. This 8-bp duplication of the insertion site was 
exactly the same in all of the other variants sequenced, including GB2. In 
AK0107, in which there were tandem copies of the KP element, an extra copy of 
this target site was located between the two KP elements (for sequence 
alignments see Appendix C). 
While the Northern blot data suggested that the mRNA transcript in 
the low activity variant, AT198, was the same size as that transcribed from the 
normal strain, AC8, more detailed mapping was required to confirm this. The 
PCR based method was used to amplify the 5' terminus of the Gpdh transcript 
of AT198 so that it could be cloned and sequenced (see Chapter 4). Four of these 
AT198 clones were sequenced (Figure 5.15). The results indicated that two of 
the AT198 transcripts originated at the normal site (the normal site being that 
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utilized with most frequency in the control, ACB), and the other two initiated at 
nearby sites (within 4-bp of this normal site). As previous data (Chapter 4) has 
suggested that there may be heterogeneity in the selection of an mRNA origin 
even in the wild-type strain, it would appear that the KP element, at least in the 
case of AT198, has no affect on the site of transcription initiation. 
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5.3 DISCUSSION: 
The analyses described in this chapter have shown that the DNA 
sequence of the coding region of the A Tl 98 Gpdh allele is very similar to the 
control wild-type allele, ACB, with no changes in the transcription sequence 
likely to give rise to the low GPDH activity. However, the data show that there 
is an incomplete P element inserted between the TAT A box and the 
transcription initiation site. It is clear that while the sequence of the actual 
TAT A motif itself is important for efficient transcription, of equal significance 
is the distance between it and the initiation site (Maniatis et al., 1987; Guarente, 
1987; Kovacs and Butterworth, 1986). It is this interval which is altered by the 
KP element insertion in AT198. 
The Northern analyses revealed that both of the low activity variants, 
AT 19 8 and AKO 1 0 7 were similar to each other in terms of the size and 
abundance of their transcripts. This was an interesting result in itself as AT198 
contains a single KP element insertion (1.15-kb) while AK0107 has tandem KP 
elements (2.3-kb). This suggests that the size of the insertion may not be a 
crucial determinant in the amount of mRNA produced. Both variants differed 
from the control ACB by having a significantly reduced level of mRNA which 
was easily recognisable on both of the Northern blots in Figure 5.3. The sizes of 
the transcripts for both AT198 and AK0107 were similar to the control and 
estimated to be about 1.7-kb. 
In Chapter 4, data from the 5' PCR amplification of the Gpdh mRNA 
from the normal allele, ACB, indicated that transcripts were initiated from two 
different positions with varying frequencies. The same analysis was done on 
the A Tl 98 transcript to characterise the transcription origin. The results of 
these experiments revealed that some of the transcripts produced by this 
variant were initiated from the normal position while others were initiated 
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from nearby nucleotides. This proves that the KP element insertion has little, if 
any, effect on the selection of the transcription initiation site. 
Together, these data show that the KP element insertion is interfering 
with the normal transcriptional processes and this results in decreased levels of 
Gpdh mRNA transcript. Since the mRNA fragment sizes for AT198 and 
AK0107 are similar to the wild-type transcript the KP element is not altering 
transcription in those alleles. While the KP element insertion is the most 
likely cause for the low GPDH activity observed in these two variants, this has 
not been directly tested by deleting the KP element and re-assaying for GPDH 
activity. 
All of the Gpdh low activity variants that had been isolated and were 
known to share the characteristics of AT198 were also shown to have P element 
derivatives inserted at the same site. The P element derived insertions were of 
two kinds. The variants AAV65, ACygB, ACyg83, AT198 and AK0107 all 
contained 1154-bp KP elements, with AK0107 having two copies in tandem. 
The variant GB2 had a smaller P element derivative which was 609-bp in size. 
While the insertion in ACyg83 was in the same orientation as that in AT198, 
the insertions in the other two variants with single KP element insertions, 
AAV65 and ACygB, were in the opposite orientation. In AK0107, both copies of 
the element were in the same transcriptional orientation as in AT198, as was 
the derivative in GB2. 
P elements were first discovered in Drosophila melanogaster (O'Hare 
and Rubin, 1983) as being the causative agent of a syndrome of effects known as 
hybrid dysgenesis, which were characterised by increased chromosome 
breakage, high mutation rates, sterility and male recombination (Kidwell, 
Kidwell and Sved, 1977). These effects usually only occur in hybrids of crosses 
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between males with P elements (P strains) and females not carrying P elements 
(M strains) (for review see Bregliano and Kidwell, 1983). 
P elements and their derivatives have 31-bp inverted repeats at either 
end and typically create an 8-bp duplication of the target site upon insertion 
(O'Hare and Rubin, 1983). The P element has four open reading frames which 
are all required for the production of P transposase. While the P element is 
transcribed to yield a poly (A)+ RNA in both somatic and germ cells, only 
within the germline is intron three spliced from the primary transcript, a step 
which is essential for the production of P transposase and hence P element 
transposition. A strong P strain is estimated to have approximately 40 to 50 P 
element copies inserted within the major chromosome arms, only one third of 
which are copies of the complete 2.9-kb P element. The remainder are smaller P 
element derivatives arising from internal deletions within the complete P 
element. 
The first detailed description of a KP element was made by Black et al. 
(1987), who cloned the P element derivatives from a strain of D.melanogaster 
isolated from a population at Krasnodar (Russia). They found that the KP 
elements had a deletion in a region extending from the second exon to the 
fourth exon (from nucleotides 808 to 2561 in the P element). They sequenced 
five KP elements and found no mutational differences between any of them. 
The KP element retains the sequences required for transcription initiation and 
polyadenylation (Laski et al., 1986) and a 0.8-kb RNA transcript has been 
detected which corresponds to the expected transcript of the KP element. 
Potentially, the element is capable of translating a 207 amino acid polypeptide 
but this has not been identified and its function is speculative (Rasmusson, 
Raymond and Simmons, 1993). It is also known that most defective P elements 
cannot transpose unless the transposase is provided in trans from another 
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source (Spradling and Rubin, 1983; Rasmusson, Raymond and Simmons, 1993; 
Engels, 1989). 
The KP element detected in AT198 has exactly the same sequence as that 
isolated from the Krasnodar strain although the transcriptional orientation is 
in the opposite direction. Both the AT198 and Krasnodar KP elements show 
complete homology to the P element pn25.1 (O'Hare and Rubin, 1983), with the 
exception of a single replacement of an A nucleotide by a T at position 1877 
(numbering refers to the aligned genomic sequences shown in Appendix D). 
This same substitution was found in a P element cloned from the American n2 
strain (O'Hare and Rubin, 1983). The alteration follows the 31-bp inverted 
repeat at the 5' end but does not result in a 32-bp repeat. The KP elements in 
the other Gpdh variants AAV65, ACygB and ACyg83 were all of the same 
sequence. 
The variant ~K0107 was unique in that it had a larger insertion of 
about 2.3-kb which comprised two copies of the KP element in tandem 
separated by a single copy of the 8-bp target site. A similar structure was 
induced by P-M hybrid dysgenesis (Engels, 1979) in the singed allele (Roiha et 
al., 1988) but in this case the two defective P elements were 1.15 and 0.95-kb and 
were orientated in opposite directions. 
P elements and their derivatives are distributed widely throughout the 
Drosophila genome although there is a tendency for them to insert 
preferentially into euchromatin compared to heterochromatin (Engels, 1989). It 
has also been suggested that smaller P elements are more likely to transpose 
than larger ones. This conclusion came from reports that smaller P elements 
were able to transform embryos more easily (Spradling, 1986). There are 
marked differences in the insertion rates at different loci. For example, at one 
extreme is the singed locus which has P element insertions at frequencies 
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between 0.1 and 1 % (Engels, 1979; Green, 1977), while the Adh gene failed to 
acquire any P elements in a screen of 107 gametes from dysgenic hybrids (Engels, 
1989). Evidence also indicates that double copies of P elements are more 
common than would be expected if the insertions were random (Engels, 1989) 
which suggests that P elements may have a preference for inserting near other 
elements. There were no previous reports of P element insertions at the Gpdh 
locus. 
It is worth emphasizing that the partial P element insertions that I have 
found at the Gpdh locus provide an important example of mobile element 
insertions in natural populations giving rise to phenotypic effects. The only 
other example was singed mutants, isolated from a population in Russia 
(Krasnodar), that were shown by in situ hybridisation to contain P element 
sequences (Berg, 1974; Golubovskii and Belyaeva, 1985). 
A characteristic of P element insertions, which is exemplified by the 
insertions in the Gpdh_ alleles, is that they are often found in close proximity to 
the 5' transcription initiation site (e.g. Tsubota et al., 1985; Searles et al., 1986; 
Roiha et al., 1988). One possible explanation put forward to account for this is 
that in active genes the chromatin structure in this area is believed to be 
relatively 'loose' which in tum makes the DNA more accessible to insertions 
(Eissenberg and Elgin, 1987). 
Asburner (1989) examined the sequences flanking the inserted P 
elements in 31 examples and was able to formulate a consensus sequence: 
GNCCAGAC. While the hot spot in the white locus matches this consensus 
exactly (O'Hare and Rubin, 1983), the sites at the singed (Roiha et al., 1988) and 
Notch (Kelley et al., 1987) loci only show homology in 4 or 5 out of 8 positions. 
Figure 5.16 shows the results of scanning the complete AT198 sequence for this 
consensus sequence. There are only four places in the sequence where there are 
motifs which match the consensus at 7 of the 8 positions. There are another 30 
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regions dispersed along the gene that match 6 of the 8 consensus bases, one of 
which is the actual insertion site (GTGCAAAC - 681). The fact that in all Gpdh 
variants studied the insertion has occurred at this one point, when clearly there 
are many other similar sequences, suggests that chromatin structure may be 
involved in site selection as well as the actual target sequence. When the 
A Tl 98 sequence is scanned for other copies of the Gpdh insertion site 
(GTGCAAAC) none are found, and the closest matches are two regions having 
7 out of 8 bases homologous. 
A previous example of defective P elements modifying enzyme activity 
has been described by Itoh et al. (1989). In this case defective P elements were 
inserted into the immediate 5' region of the G6PD gene and appear to stimulate 
the expression of this protein. A detailed review of these data and their 
relevance to the changes in AT198 and similar variants is given in the final 
chapter. 
Molecular analyses of the Gpdh variants which share phenotypic 
characteristics with A Tl 98 have revealed the cause of the reduced GPDH 
activity and shown that the effect occurs via a reduction in mRNA levels at 
equilibrium probably caused by P element derived insertions 3' to the TATA 
box. The second property of this class of variants - the dominance effect on 
enzyme activity in heterozygotes - is studied in the next chapter. 
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Table 5.1 GPDH activity in adult flies from seven strains homozygous for low 
activity alleles and from two normal control strains (data from 
Gibson et al., 1991). 
Allele Electrophoretic Grz.dh genotype 
mobility +I+ +1Df(2L)GpdhA +IF +IS 
ACygB s Lethal 92.1±2.6 337.0±9.6 346.1±8.9 
ACyg83 F Lethal 91.9±2.7 370.9±20.4 379.3±14.1 
AH31 F 187.6±11.7 97.4±8.4 378.0±4.4 396.6±13.2 
AAV65 s 190.5±7.9 88.6±4.3 410.8±18.9 381.5±5.3 
AT198 s 179.9±5.9 87.4±5.8 382.4±18.4 384.4±19.9 
AK0107 s 233.2±2.3 92.7±4.7 not done 520.0±7.1 
GB2 F not done 95.4±5.5 not done 389.2±8.9 
Control F 438.5±10.2 197.0±7.1 
Control s 431.9±16.9 217.0±11.6 
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Table 5.2 The types of nucleotide changes found in the sequence of AT198 compared to that of ACS. 
The occurrence of the changes in a given region of the Gpdh gene and its flanking 
sequences is shown. In "other changes" are included all deletions, insertions, inversions 
and replacements. 
1 2 3 4 5 6 7 8 
I ~--~ 
I 3' sequence 5' Pre-initiation Exons and introns 
Leader Exons 
5' sequence sequence (translated Introns 3'sequence Total 
sequence) 
N° of nucleotides 663 136 1100 3211 375 5485 
Transitions - - - 3 2 5 
Transversions 1 - - 3 - 4 
Other changes - 1 - 4 2 7 
Total changes 1 1 - 12 4 16 
Number of 663 136 - 268 94 343 
nucleotides per 
single change 
I 
I 
-S3 
-52 
-F3,Sl 
-F2 
-Fl 
Figure 5.1 Electrophoretic phenotypes of GPDH variants AT198 (electrophoretically S) and 
AH31 (electrophoretically F) after electrophoresis on a cellulose acetate membrane and staining. 
The designations for each of the bands of activity are given at the right of the photograph (eg: Fl 
represents the isozyrne GPDH-1 in the fast electrophoretic variant). 
I am unable to explain the two smaller bands in lane 14 figure 5.2 
(HindIII/ Xbal) and can only suggest that the labelling is incorrect. As for the 
larger fragment for the HindIII digest in lane 7, I believe that this must result 
from a partial digestion. There are a number of combinations of HindIII sites 
spanning the Gpdh locus which could give rise to a fragment of this size. Also it 
is possible that partial digests with the other flanking fragments, that are not 
detected by the probes, may be involved. 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
• 
Figure 5.2 Southern blot of A1198. 
lambda 
Hind III 
-23.13 
-9.42 
-6.68 
-4.36 
-2.32 
-2.02 
This autoradiograph is to be compared with that for ACS which was digested with the same 
enzymes (figure 3.3). There are no differences in the sizes of the fragments. The digestions 
were made with the following enzymes: lane 1-Sac I; lane 2-Pst I; lane 3-Hpa I; lane 4-Xba I; 
lane 6-Bam HI; lane 7-Hind III; lane 8-Sac I/Hind III; lane 9-Bam HI/Hind III; lane 10-Xba 
I/ Sac I; lane 12-Xba I/ Pst I; lane 13-Sac I/ Pst I; lane 14-Xba I/ Hind III; lane 15-Hpa I/ Hind 
III; lane 16-Sac 1/Hpa I. Lambda DNA was digested with Hind III (lanes 5 and 11) to provide 
size markers. The probe used was pDm60a(c). 
pDm60a pDm{J()a 
Saf-2 
Saf-2 
Figure 5.3 Northern blots of two low activity Gpdh alleles, AT198 and AK0107. 
The autoradiograph at the left shows poly(A)+ RNA preparations probed with labelled 
sequences of Gpdh (upper) and, as a control of loading differences, Adh (lower). At right a 
similar autoradiograph but with the amounts of poly(A)+ RNA adjusted to give similar 
intensities with the Gpdh probe. ACB is a normal activity control and AT198 and AK0107 are 
low activity variants. 
23.13 -
9.42-
6.68-
4.36-
2.32-
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Figure 5.4 Restriction analysis of the AT198 genomic clone 41.1. 
Four digests were done to determine the authenticity of the EMBL3 clone, 
41.1. The samples loaded on the gel are as follows: lane 1-lambda/Hindlll; 
lane 2- Spp-1 / Eco RI; lane 3-BamHI; lane 4-BamHI / Sacl; lane 5-
BamHI / Xbal; lane 6- BamHl/Sacl/Xbal. Note that in the BamHI digest 
the largest band is double and represents both vector and insert DNA). 
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Figure 5.5 Structure of fragments used to clone ATI98. 
(a) Restriction map of AT198 showing the 1.15-kb KP element insertion in the 4.9-kb Sac I 
fragment. The three fragments (4.9-kb Sac I, 2.4-kb Sac I and 3.3-kb Sac I/Barn HI) subcloned into 
pBluescript are shown. The symbols represent the following enzymes: Barn HI(B), Hind III(H), 
Hpa I(Hp), Pst I(P), Sac I(Sc) and Xba I(X). 
(b) The exon/intron structure of the Gpdh transcription unit with the black boxes 
representing exon coding sequences, and the open boxes untranslated regions. The size of the 
probe, pDrn60a(c), used both in Southern blotting and in isolating the EMBL 3 clones, is 
indicated. 
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Pre-initiation Intron 2 Intron 4 Intron 6 
sequence 
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1497 ~c 
1498 ~G 
Leader sequence 12487C~G 
2489G~ 
1656 Af<P element 1.15-kb I 
Figure 5.6 A summary of the sequence changes found in A 1'198 compared to the sequence of the 
normal activity allele ACS. 
The map of the transcription unit indicates the positions of the exons and introns (see Table 5.1) 
5000 6000 
3' sequence 
4846G~A 
5289 ~G 
5290 ~T 
5461 G~A 
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2.9kb P element 
0.7kb Pst I 
(b) complete P element 
ExonO Exon 1 Exon2 Exon3 
AT198 
(KP element) 
- 808 2560 2907 
Figure 5.7 Structure tnd transcriptional organization of the complete P element and its 
derivitives. 
(a) Restriction map of the complete P element. The sites are : Ava II(A), Dde I(D), Eco RI(E), 
Hind III(H), Pst I(Ps) and Pvu II(Pv). There are three Dde I restriction sites at 2762, 2796 and 
2814, however only one has been indicated. The Pst I restriction fragment used to probe the dot 
blots in Figure 5.10 is shown as a black box. 
(b) The boxes represent the four coding regions of the complete P element. Small open arrows 
indicate the 8-bp target site duplication, and filled arrows represent the P element terminal 31-bp 
inverted repeats. The lower part of the diagram indicates the 1.15-kb KP element found in AT198. 
Compared to the complete P element, the KP element has an internal deletion from 808 to 2560; 
removing part of exon 1, all of exon 2 and part of exon 3. 
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ACB (control) 
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Figure 5.8 Regions containing the insertions which were amplified by the PCR and the positions 
of the primers. 
The TA TA box and the first two exons are indicated. The black arrows represent the 31-bp 
inverted repeats at each end of the KP element, and the open arrows indicate the 8-bp target 
sequence at the site of insertion. 
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Figure 5.9 PCR amplification of insertion sequences in low activity variants. 
DNA fragments amplified by the PCR were electrophoresed on a 1 % agarose 
gel. The Gpdh variants and the primers used to amplfy the DNA were: lane 
1, ACS (JG61/56); lane 2, AT198 (JG61/56); lane 3, ACygB (JG61/56); lane 4, 
ACyg83 (JG61/56); lane 5, AAV65 OG61/56); lane 6, AK0107 (TG61/68); lane 
7, GB2 (JG61/68). 
~ 
ACS 2 3 4 5 b 7 8 
(PCR amplified 
• • • fragment) • • • • 
2 3 4 5 6 7 8 
0.7kb Pst l fragment 
from complete P 
• 
clement 
2 3 4 5 6 7 8 
p1(25.l 
(complete P e • • • • • • clement) 
Figure 5.10 Dot blots of PCR amplified DNA, 
Samples of DNA were spotted onto a nitrocellulose membrane and hybridised with 
three probes. Probe 1 was amplified ACS DNA, probe 2 was a 0.7-kb Pst I fragment 
which is present in the complete P element but absent in the KP element, and probe 3 was 
a complete P element. The samples were loaded as follows: lane 1, pn25.1 (P element 
clone); lane 2, ACS; lane 3, AT19S; lane 4, ACygS; lane 5, ACygS3; lane 6, AAV65; lane 7, 
AK0107; lane 8, GB2. 
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Figure 5.11 PCR amplified fragments used to sequence A1198, ACygB, ACyg83 and AA V65 and 
the position of primers. 
(a) The diagram shows the KP element insertions and the positions of the primers. The 31-bp 
inverted repeats are represented as black triangles. In these four variants the complete 1.15-kb 
insertion could be amplified using primers JG56/61 located outside the insertion, to yield a 
single fragment. The internal primers in the insertion were used for direct sequencing. 
(b) The PCR products amplified using JG56/61. The samples are: lane 1-Spp-1/Eco RI 
marker; lane 2- AT198; lane 3- ACygB; lane 4- ACyg83; lane 5- AAV65. Sizes of DNA 
are in basepairs. 
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Figure 5.12 PCR amplified fragments used to sequence AK0107 and positions of primers 
(a) The diagram shows the insertion in AK0107 which is composed of two KP elements separated 
by a single copy of the 8-bp target site sequence. The 31-bp inverted repeats are represented as 
black triangles. Since the complete 2.3-kb insertion could not be amplified using primers outside 
the insertion, a number of overlapping fragments were amplified using different combinations of 
primers. The fragments used are represented by the black lines. The internal primers in the 
insertion were used for direct sequencing. 
(b) The PCR products amplified using different combinations of the above primers. The 
samples are: lane 1-Spp-1/Eco RI marker; lane 2- JG68/71; lane 3- JG72/71; lane 4-JG68/61; 
lane 5-JG56/67; lane 6-JG56/73. Sizes of DNA are in basepairs. 
(a) GB2 
(b) 
JG61 
l-...J 
250-bp 
2680-
880--
380--
1 
JG60 
2 
JG67 JG73 
-t t 
JG72 JG68 JG56 
JG61/68 
JG56/67 
3 4 
Figure 5.13 PCR amplified fragments used to sequence GB2 and positions of primers 
(a) The diagram shows the insertion in GB2 which is composed of two KP elements separated by a 
single copy of the 8-bp target site sequence. The 31-bp inverted repeats are represented as black 
triangles. Since the complete 0.6-kb insertion could not be amplified using primers outside the 
insertion, a number of overlapping fragments were amplified using different combinations of 
primers. The fragments used are represented by the black lines. The internal primers in the 
insertion were used for direct sequencing. 
(b) The PCR products amplified using different combinations of the above primers. The 
samples are: lane 1-Spp-1/Eco RI marker; lane 2- JG.56/73; lane 3- JG.56/67; lane 4-JG61/72. 
Sizes of DNA are in basepairs. 
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Figure 5.14 Structure and transcriptional organization of the complete P element and its 
derivitives. 
(a) The boxes representJhe four coding regions of the complete P element. Small open arrows 
indicate the 8-bp target site duplication, and filled arrows represent the P element terminal 31-bp 
inverted repeats. 
(b) Restriction map of the complete P element. The sites are : Ava II(A), Dde I(D), Eco RI(E), 
Hind III(H), Pst I(Ps) and Pvu II(Pv). There are three Dde I restriction sites at 2762, 2796 and 
2814, however only one has been indicated. The Pst I restriction fragment used to probe the dot 
blots in Figure 5.10 is shown as a black box. 
(c) The structure of the Gpdh low activity variants as determined by direct sequencing of PCR 
DNA. 
* These two variants possess a KP element in the non-standard orientation. 
+ This variant possesses two KP elements directly adjacent to each other. Both are in the 
standard orientation, only one of the elements is depicted. 
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pBluescript 
polylinker 
ACS SK+ CGAAT GT 
CGAAT GT 
SK- CGAAT GT 
CGAAT GT 
AT198 SK+ CGAAT 
CGAATT 
SK- CGAAT GT 
CGAAT GT 
Eco RI 
pBluescript 5' 
anchor 
clone 
--GAATCAGTAGTCGCCGCGGTTT 1 
---AATCAGTAGTCGCCGCGGTTT 2 
---AATCAGTAGTCGCCGCGGTTT 2 
- --AATCAGTAGTCGCCGCGGTTT 2 
AAGAATCAGTAGTCGCCGCGGTTT 9 
---AATCAGTAGTCGCCGCGGTTT 1 
---AATCAGTAGTCGCCGCGGTTT 6 
---GATCAGTAGTCGCCGCGGTTT 1 
GpdhmRNA 
Figure 5.15 Gpdh 5' transcripts from the low activity variant, A T198 and a 
• ? 
standard allele, ACS. 
Four individual pBluescript clones were isolated for each of the two Gpdh lines. The EcoRI 
site used to clone the fragments are shown. The junction between the Gpdh sequence and the 
4-bp from the anchor oligonucleotide represents the transcription initiation site. The 
control ACB transcripts have been included for comparison with those from AT198. The 
sequence of the EcoRI site used in cloning is indicated. 
127 
Figure 5.16 P element target sequences within AT198. 
The genomic sequence of AT198 was scanned using the consensus target sequence for P element 
insertion (GNCCAGAC - Ashburner, 1989). Four sequences were found each with 7 out of 8 possible 
matches (underlined). None of these occurred in the region where the KP element is inserted into 
AT198. 
The AT198 sequence was then scanned to determine if the duplicated target sequence (GTGCAAAC) 
was present at any other locations. Three sequences were found, one of which was the actual 
insertion site (681). As the other two sequences had only 7 out of 8 nucleotides the same, the target 
site in AT198 is only present once in the entire transcription unit. 
6/8 
6/8 
6/8 
6/8 
6/8 
6/8 
6/8 
7/8 
6/8 
6/8 
6/8 
6/8 
6/8 
6/8 
7/8 
7/8 
6/8 
Search with consensus P element target sequence GNCCAGAC 
681 GTgCAaAC 6/8 2817 GCCaAGAa 
1000 GGCCAtAg 6/8 2889 GGCaAGAt 
1091 GGCaAGAa 6/8 2937 GACaAGgC 
1286 GTgCgGAC 6/8 2996 GGCaAGtC 
1410 GGCCAGca 6/8 3142 GCaCgGAC 
1449 GTCCgGcC 6/8 3147 GACaAGAa 
1499 GGCCAccC 6/8 3300 GACaAcAC 
1521 GGCCgGAC 7/8 3845 GGCCAGAa 
1557 eGaCAGgC 6/8 3861 GCCCAccC 
1690 GTCCAtcC 6/8 4448 GTCCcGAt 
1819 GGCgAcAC 6/8 4626 GCCaAaAC 
2126 GTCCAtAt 6/8 4659 GAtCAGtC 
2493 GGCgAGcC 6/8 4941 GTaCAtAC 
. . 
2567 GAtCtGAC 6/8 5182 GCtgAGAC 
2572 GACCAGcC 6/8 5430 GCCaAGAa 
2598 GTCtAGAC 6/8 5500 GGCgAGAg 
2605 GTCtAGAc 6/8 5534 GCgtAGAC 
Search with Gpdh KP element target sequence GTGCAAAC 
8/8 
7/8 
7/8 
681 
3085 
3440 
128 
GTGCAAAC 
GcGCAAAC 
GTGCAAAa 

CHAPfER6: 
INVESTIGATION OF THE trans-ACTING EFFECT AT 
THE Gpdh LOCUS 
6.1 INTRODUCTION: 
The category of Gpdh low activity variants, exemplified by AT198, whose 
molecular structures were analysed in the previous chapter, have as 
homozygotes, about 50 percent of the activity of normal alleles but give an 
unusual electrophoretic phenotype when heterozygous with normal alleles 
(Gibson et al., 1986). For example, after electrophoresis and staining on a 
cellulose acetate membrane the two standard Gpdh strains, F/F and S/S, each 
produce three bands of activity designated GPDH -1, -2 and -3 (GPDH-3 is the 
most anodal) (Figure 5.1). The same patterns occur for the homozygote of the 
AT198 allele (shown in the figure as variant F). Some other variants in this 
category are electrophoretically slow (eg: AH31 - shown as variant S in Figure 
5.1). Heterozygotes between the control F and S alleles, or between AT198 and 
AH31 , produce the pattern expected of a dimeric enzyme, with five of the six 
expected bands of activity distinguishable after electrophoresis. In Figure 5.1 the 
bands corresponding to GPDH-1, -2 and -3 in the electrophoretically fast 
homozygote are labelled Fl, F2 and F3 and those in the slow homozygote, S1, S2 
. . 
and S3 respectively. The strongest staining bands in normal heterozygotes are 
those corresponding in position to S1 /F3 and F2, as these bands contain 
heterodimers as well as parental protein. The heterozygotes AH31/S and 
AT198/F (variant/S and variant/F) both produce novel patterns. In 
heterozygotes between AH31 and S there are five bands of enzyme activity with 
the strongest band in the S1 or F3 position. There is a strongly staining band at 
position S3, which in normal heterozygotes is quite faint. In A T19 8 IF 
heterozygotes the Fl band, derived from the F allele, is the strongest, and of a 
similar intensity to the Fl band in F homozygotes. 
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In addition to these distinctive electrophoretic patterns, Gibson et al . (1986) 
showed that in AT198/F or AT198/S heterozygotes the level of GPDH activity 
was significantly higher than the expected mid-parental value, and very similar 
to that of homozygotes for either of the control alleles. The relative amounts of 
enzyme in the separate bands of activity in the different categories of 
heterozygote were quantified using a scanning densitometer. Analyses of these 
data showed that there was no significant difference in the relative intensities 
of the bands between the F/S or AT198/AH31 heterozygotes (Gibson et al ., 1986). 
The densitometry data also indicated that the increased activity in the AT198/F 
and AT198/S heterozygotes was due to increased expression of the normal 
allele. Thus the dominance in GPDH activity in these heterozygotes is caused 
by a trans-acting mechanism. Genetic analyses using the markers clot (cl) (2-
16.5) and spade-flag (spdfg) (2-21.9) (Lindsley and Zimm, 1992) showed that if the 
dominance effect was due to a modifier on the A Tl 9 8 chromosome it was 
tightly linked to the Gpdh allele (2-17.8): within 0.027cM for AT198 and 0.037cM 
for AH31 (Gibson et al ., 1986). 
A number of trans-acting effects in D.melanogaster have previously been 
reported, some of which are listed in Table 6.1. The classic example of a trans-
acting phenomena~ was described in 1954 by Lewis, who coined the term 
transvection to describe phenotypic effects at the bithorax (bx) locus. Lewis 
found that when either of the mutants bx3 4t and Ubx (which normally 
complement each other) were re-arranged to other chromosomal positions, 
more extreme mutants phenotypes were observed. He defined the "trans-
vection" effect as a "position effect that is revealed by modifying the trans-
heterozygote by means of chromosomal re-arrangements". This phenomenon 
was shown to occur only when the chromosomes were able to conjugate. 
Synapsis of Dipteran homologous chromosomes in mitotic cells was first 
shown by Metz in 1916 and conjugation of chromosomes appears in the early 
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prophase and then loosens during metaphase before strengthening again in the 
late anaphase. 
Following Lewis' pioneering work, many investigators have loosely 
applied the term transvection to a range of similar effects at other loci (Wu and 
Goldberg, 1989). Tartof and Henikoff (1991) argued that the term transvection 
should be restricted to those cases that most closely resemble the original 
observations by Lewis and which involve pairing dependent interallelic 
complementation. They propose that the more general term trans-sensing 
effects should be used to describe the general class of phenomena where one 
gene is able to influence the expression of its paired homologue (see Table 6.1). 
The effects of chromosomal pairing on transvection effects has been 
extensively investigated at the decapentaplegic (dpp) locus (2L: 22Fl-3), which is 
involved in imaginal disk formation during development. Gelbart (1982) 
found that specific chromosomal re-arrangements which had either one break 
between 22F4 and 35D-E (critical region) and the other in the proximal region of 
another chromosome arm, or else two breaks on 2L with one distal and one 
proximal to dpp, were able to disrupt synapsis between certain dpp alleles . 
Furthermore, in double re-arrangements where the breakpoints were similar, 
the complementation was usually restored. These observations suggest that 
this phenomena is synapsis dependent, with the double re-arrangements 
allowing for more precise conjugation of the homologous loci. 
Investigations into the white-zeste interaction (Jack and Judd, 1979; Wu 
and Goldberg, 1989; Bickel and Pirotta, 1990) have found that paired 
homologues of the white (w) locus are able to give rise to an abnormal lemon 
eye colour in the presence of another mutant gene known as zeste (Gans, 1953). 
When re-arrangements which disrupt pairing of the white loci are made, the 
eye colour is wild-type. This suppression of the mutant phenotype is in 
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contrast to what occurs with most other trans effects where disruption of 
synapsis leads to enhancement of the mutant phenotype (Tartof and Henikoff, 
1991). It has been shown that the zeste locus encodes a protein which appears to 
function as a transcription factor in vitro and is able to bind to the upstream 
region of the white and Ubx genes (Benson and Pirotta, 1987; Mansukhani et al. , 
1988; Biggin et al., 1988). This has led to the hypothesis that the zeste product 
may function to mediate an interaction between the promoter and enhancer in 
cis (Benson and Pirotta, 1988; Wu and Goldberg, 1989). It has also been 
suggested that the inactivation of paired white homologues may result from 
extreme self-aggregation of zeste proteins, which then interfere with the 
normal expression of white (Bickel and Pirotta, 1990). Some zeste alleles have 
also been shown to affect transvection at dpp (Wu and Goldberg, 1989). 
An example which has been thoroughly investigated at the molecular 
level occurs at the yellow (y) locus in Drosophila. This gene functions to 
maintain the proper pigmentation in both the adult and larval cuticular 
-
structures (Geyer et al., 1990). A y2 mutant has been isolated which arises 
through the insertion of a gypsy transposon in the S' region and effectively 
separates the promoter and enhancer sequences leading to a mutant phenotype. 
Interestingly, some null alleles (yn) have been isolated which are able to 
complement the y2 mutant and produce a near wild-type phenotype. The 
results from testing a number of mutant yn alleles suggests that this 
complementation is due to the yn promoters being able to act in trans with the 
enhancers from the y2 allele. Some zeste mutants enhance the mutant y2 
phenotype (Geyer et al., 1990). 
The data described in the previous chapter showed that all of the Gpdh 
variants studied which give rise to a trans-acting effect had similar molecular 
structures. AT198, ACygB, AAV65 and ACyg83 each had a KP element (1.15-kb) 
inserted in the S' region between the TATA box promoter and the transcription 
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initiation site. AK0107 had two copies of the KP element inserted in tandem 
(2.3-kb) and a sixth variant, GB2, had a smaller P element deletion derivative 
(0.6-kb). The insertions in all variants occurred at the same site and produced 
an identical 8-bp duplication of the target site. The insertions cause a reduction 
in the amount of mRNA at equilibrium, presumably by interfering with the 
normal transcription processes. 
This chapter describes a series of experiments which were carried out to 
investigate the nature and cause of the trans-acting effect at the Gpdh locus by 
testing whether the effect was synapsis dependent and whether it was 
influenced by zeste. 
. -
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6.2 RESULTS: 
GPDH activity was assayed in heterozygotes between three low activity 
variants - AT198, AH31 and AK0107 - and two normal control lines - ACB and 
ACS - to re-test the trans-acting effect. The alleles AT198 and AH31 had been 
studied previously (Gibson et al., 1986) and shown to have very similar 
properties. While the AT198 allele has been molecularly characterised in detail 
and some sequence data has been obtained for AK0107, the molecular structure 
of AH31 has not been investigated. 
The activity of AT198 homozygotes is approximately 40 to 50 percent of 
the wild-type level (Table 6.2). In heterozygotes between AT198 and F the 
expected parental value is 377.2; however the data show that the observed 
GPDH activity level is considerably higher than expected (Table 6.2). The 
heterozygotes AH31/S and AK0107/F also exhibit similar dominance effects 
with levels of activity that are close to the normal homozygote (Table 6.2). 
The data described in the previous chapter showed that homozygotes of 
the two low activity variants, AT198 and AK0107, produce significantly less 
mRNA than normal alleles, due to the partial P element insertions. To verify 
that the extra activity in heterozygotes occurred via transcription, RNA was 
extracted from AT198, ACS and ACS/AT198 heterozygotes and electrophoresed 
on a Northern blot and then probed with a Gpdh specific probe, pDm60a(c) 
(Figure 6.1). These data reveal that the level of Gpdh specific mRNA in the 
ACS/AT198 heterozygotes is similar to that in homozygotes for the normal 
allele, ACS, and is greater than for the AT198 homozygote. Clearly then, the 
increase in GPDH activity observed in these heterozygotes arises from an 
increase in the amount of mRNA, which presumably leads to greater GPDH 
protein synthesis. 
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To verify that the normal allele is responsible for the increased activity, 
heterozygotes between AT198 or AK0107 and the low activity variant ACyg22 
were assayed for GPDH activity (Table 6.3). ACyg22 has two amino acid 
substitutions in the standard gene compared to normal and homozygotes 
produce approximately 5 percent of the normal GPDH activity and CRM levels 
but normal levels of mRNA (Chapter 3) indicating that the GPDH protein 
produced in this variant is very unstable. Thus, in AT198/ACyg22 
heterozygotes for example, GPDH activity can only be increased if the 
expression of the AT198 allele was increased or if the heterodimer had 
increased activity. The assay data show that AT 198 /AC y g 2 2 and 
AK0107/ACyg22 heterozygotes both have the GPDH activity levels expected on 
an additive model (Table 6.3). These results further support the hypothesis that 
the GPDH dominance effect in heterozygotes arises from increased activity of 
the normal Gpdh allele. 
It was not possible to test whether the trans-acting effect was dependent 
on the presence of a TATA box on the normal homologue as appropriate 
mutants were not available. However, I did investigate GPDH activity in 
heterozygotes between AT198 and the low activity variant AMB5, in which the 
normal TATA box is deleted but transcripts are initiated at two new upstream 
sites. The data (Table 6.4) show that the activity levels are significantly greater 
than expected on the additive model. This result indicates that the normal 
promoter on the homologous allele is not an essential requirement for the 
dominance effect, but presumably the substitute promoters that have been 
described in AMB5 are used to increase transcription from the AMB5 allele. It 
is important to note that heterozygotes between a normal Gpdh allele and 
AMB5, or ACyg22 exhibit additive effects on GPDH activity (data not shown). 
I also tested whether the mechanism giving rise to the dominance effect 
is specific to D.melanogaster, by assaying GPDH activity in heterozygotes 
135 
between D.melanogaster and D.simulans. Crosses were made between the 
D.melanogaster low activity variant AT198 (GpdhS - males) and a D.simulans 
line, Can 44 (females), which has normal GPDH activity. The electrophoretic 
phenotype of GPDH from D.simulans is identical to that of the D.melanogaster 
F allele. The activity data (Table 6.5) show that not only does the dominance 
effect occur in the D.melanogaster/D.simulans hybrids but it is even more 
pronounced than in the D.melanogaster heterozygotes. In heterozygotes there 
was a 69.9 percent increase in activity over the expected value and the activity 
was 15.5 percent greater than in the D.simulans homozygotes. Cellulose acetate 
electrophoresis of these heterozygotes (data not shown) indicated that it is the 
D.simulans (Gpdhf) allele which is over-expressed. Salivary gland preparations 
of these hybrids were analysed to determine whether the Gpdh loci were 
synapsed. There was complete pairing between the second chromosomes from 
D.melanogaster and D.simulans in the region of the Gpdh locus (Figure 6.2). 
The following experiments were designed to investigate whether 
disruption of pairing influenced the dominance effect at the Gpdh locus. Two 
transposition stocks were obtained from Prof. W. Gelbart: Tp(2 ,2)/Cy0 
[Tp(2;2)dpp74: 22Fl-2; 26AB; 29DE] and Tp(2 ,3)/Cy0 [Tp(2 ;3)dppl 2: 22Fl-2; 34B; 
81F]. In Tp(2,2) the Gpdh locus is transposed from its normal position in the 
left arm of chromosome II to another position on the left arm of the same 
chromosome closer to the centromere (Figure 6.3). In Tp(2,3) the Gpdh locus is 
moved to the right arm of chromosome III (Figure 6.4). Crosses were set up 
between these transposition stocks and homozygotes of the low activity 
variants (eg: AT198/AT198). From these crosses heterozygotes between the low 
activity variants and the transpositions (eg: Tp(2 ,2)/AT198) were selected for 
cytological analyses and GPDH activity assays. 
The salivary gland preparations of the transposition heterozygotes are 
shown in Figure 6.3 and 6.4 and were made by Dr. A. Ladvishenko. Dr 
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Ladvishenko estimated that in the heterozygote Tp(2,3)/AT198 the frequency of 
cells in which the two loci were paired (which included preparations in which 
the alleles were in close proximity to each other) was approximately 50 percent 
(41 paired in 79 examined). In the heterozygote Tp(2,2)/AT198 the frequency of 
cells in which there was intimate conjugation was more difficult to estimate 
because the chromosomes frequently formed a complex loop structure in the 
region of the Gpdh locus. However, in virtually all of the preparations 
examined (80 nuclei) the homologous regions were found to be in close 
proximity, although whether they were actually synapsed is unclear because the 
Gpdh locus is very close to the breakpoint. Nevertheless, the results indicate 
that in heterozygotes with transposition Tp(2,3) pairing is sometimes disrupted 
but in heterozygotes with transposition Tp(2,2) the Gpdh loci on homologous 
chromosomes are probably always in close proximity. These different 
heterozygotes, and the appropriate controls, were assayed for GPDH activity. 
Assay data for the hemizygote Tp(2,2)/Df(2L)GdhA (Table 6.6) showed 
that it had slightly less GPDH activity than the hemizygote F/Df(2L)GdhA (data 
not shown). In heterozygotes between the low activity variants AT198, AH31 
and AK0107 and the Tp(2,2) transposition, activity levels were very much 
higher than the mid-parental value. The percentage increase in observed 
activities over the expected in these heterozygotes ranged from 64.1 percent in 
Tp(2,2)/AT198 to 88.7 percent for Tp(2,2)/AK0107, showing that in these 
heterozygotes the dominance effect is stronger than in heterozygotes with 
standard alleles. 
The Tp(2,3)/AT198, Tp(2,3)/AH31 and Tp(2,3)/AK0107 heterozygotes 
also showed activity levels that were significantly higher than the mid-parental 
values, although the increases were not quite as large as those for the Tp(2,2) 
heterozygotes, which ranged from 31.6 to 51.7 percent. 
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The data in Table 6.6 also show that there is a small degree of 
dominance observed in heterozygotes between the transposition stocks, Tp(2,2) 
and Tp(2,3) and the control alleles F and S. This result seems most likely to be 
due to a direct effect on GPDH activity of the transposition chromosome. 
To test whether a zeste allele, zl, had any influence on the trans-acting 
effect, stocks were produced which were heterozygous for the low activity 
alleles AT198 and AK0107, and a normal allele, but with the X chromosomes 
carrying the zl allele. The GPDH activities of male and female flies are given in 
Table 6.7. The data indicate that for male flies - zl /Y, +/AT198 and zl /Y, 
+/AK0107 - the zl mutant has a slight effect on the dominance effect. The 
percentage relative increases over the expected activities for these heterozygotes 
were 20.4 and 31.4 percent respectively which, while slightly lower than those 
seen in other heterozygotes, are still clearly higher than the expected levels. For 
female heterozygotes - zl/zl, +/AT198 - the degree of dominance was 
unaffected. 
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6.3 DISCUSSION: 
GPDH activity in heterozygotes between members of a specific category 
of low activity allele and normal activity alleles is significantly higher than the 
expected mid-parental level. The low activity in these variants is associated 
with lower than normal levels of mRNA and the variants are characterised by 
having a partial P element inserted between the TATA box and the 
transcription initiation site. The evidence previously available (Gibson et al. , 
1986) suggests that the increased activity in the heterozygotes arises from the 
increased expression of the normal allele. 
orting evidence that the dominance arises from a trans-acting 
ctivity data of AT198/ACyg22 heterozygotes in which 
there is no increase er the mid-parental value. As the 
protein derived from the ACyg22 allele is unstao , GPDH 
activity could only occur if the expression of the AT198 allele was incr 
The experiments described in this chapter showed that the increase in 
activity in AT198/+ heterozygotes is accompanied by an increase in the level of 
mRN A. In these heterozygotes the mRN A levels were similar to those of the 
normal allele, AC 8, homozygotes and greater than that in the AT 1 9 8 
homozygote. This result shows that the mechanism giving rise to the increase 
in GPDH activity is mediated via alterations in the level of mRNA transcribed 
from the normal allele. This could be critically tested by probing Northern blots 
of a normal (eg: AC5-electrophoretically fast ) and low activity (eg: AT198-
electrophoretically slow) heterozygote with an oligonucleotide that is able to 
differentiate between the two transcripts (eg: by using the fast to slow 
electrophoretic change (T to A) in exon 6). The quantification of each transcript 
would indicate whether the increase in the level of mRNA is solely due to the 
normal allele. 
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It is worth mentioning that the dominance effect is restricted to 
heterozygotes in which the low activity variant is of the kind that has a partial p 
element insertion - there is no evidence that GPDH activity is compensated as 
any other low activity allele/normal allele heterozygote has additive activity 
levels (Gibson et al., 1986). 
This trans-acting effect at the Gpdh locus has some similarity to the 
phenomenon at the yellow locus (Geyer et al., 1990) in that important 
regulatory sequence elements are separated from the transcription initiation 
site. The mutant y2 results from the insertion of a gypsy mobile element in the 
5' region upstream of the transcription initiation site. This gypsy insertion 
separates the enhancers, which control pigmentation in the wings and body 
cuticle, from the promoter and causes reduced transcription in these flies. In 
another yellow mutant, y1#8, a region of the 5' sequence including the TATA 
box promoter has been deleted and this also results in reduced transcription. 
Geyer and co-workers have postulated that under normal circumstances the 
enhancers might act preferentially on the cis promoter, however, when this cis 
promoter has been removed or rendered inactive, the enhancers are able to act 
in trans on the promoter of the homologous allele. Analyses of a number of 
other yellow mutants, some of which have alterations to the TATA box and 
some which do not, corroborate this hypothesis (Geyer et al., 1990). 
Unfortunately a Gpdh mutant that completely lacks a TATA box is not 
available and so the requirement of a TATA box has not been critically tested. 
In the AMB5 mutant the normal TATA box is deleted but there are substitute 
TAT A box sequences that are able to initiate transcription at low frequency. 
Assay data show that trans-activation occurs in AT198/MB5 heterozygotes, 
indicating that substitute TATA boxes are sufficient for the effect to occur. 
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Trans-activation was also shown to take place in hybrids between 
D.melanogaster and D.simulans. The increased GPDH activity compared to the 
expected level in these hybrids was even greater than in D.melanogaster 
heterozygotes. Other control genes have been shown to function in both 
species (Dickinson et al., 1984) so this result is not surprising. As the Gpdh 
region is normally paired in D.melanogaster/D.simulans hybrids this result 
does not provide any clues as to whether chromosome pairing is essential for 
the mechanism to occur, but indicates that the mechanism is not species 
specific. 
Following the original description of transvection at bithorax by Lewis 
(1954), the effects of disrupted chromosomal pairing at many other loci have 
been investigated. At the yellow locus, Geyer and co-workers (1990) determined 
that the trans-acting effects were very much dependent on the pairing of 
homologous chromosomes. They made transposition stocks in which the y2 
and y59b genes were positioned in several different locations. In all cases, 
complementation at the yellow locus only occurred when both of these alleles 
were in their normal positions. 
Generally, there appear to be two main groups of trans-acting loci 
categorised by whether they are affected by the disruption of chromosomal 
pairing. In the first group, which contains most examples including the ci, bx, 
It, dpp, y and Ser loci, disruption of pairing appears to inactivate trans-
activation and results in an enhancement of the mutant phenotype. This 
feature is also true of trans-acting effects at loci that are characterised by 
chromosome puffs, for example at the 64C puff and Sgs-4 loci (Tartof and 
Henikoff, 1991). Puffing at these loci is observed when the homologues are 
paired but disappears when pairing is disrupted (Ashburner, 1989). For each of 
these gene loci expression becomes more normal when the chromosomes are 
paired. 
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In the second category, which includes the white and brown loci, 
disruption of pairing leads to suppression of the mutant phenotype. Thus, at 
these loci, the normal phenotype is observed when the chromosomes are not 
paired. 
Tartof and Henikoff (1991) also note one other distinction that can be 
made between these two groups and this concerns the location of the 
breakpoints that disrupt the pairing. For the first group, these breakpoints all 
lie between the gene and the centromere and often may include a large region 
of the chromosome arm. This suggests that in order for the trans-effects to 
function, continuity may be required between the affected locus and the 
centromere. In contrast to this, the brown and white loci are affected by pairing 
disruptions with breakpoints very close to the affected gene (Gubb et al., 1990; 
Dreesen et al., 1991). Nevertheless it is not yet clear whether each of the trans-
activation phenomena summarised in Table 6.1 are caused by variations about 
a single mechanism or by a number of quite different processes; the evidence so 
far accumulated suggests that they are heterogeneous. It is worth noting that 
other than the reports of Gelbart (1982) at the dpp locus, analysis of salivary 
gland chromosomes has not been undertaken to verify the pairing status in 
transposed stocks which show a los of trans-activation and it has only been 
assumed that pairing is disrupted. 
To test whether the trans-acting effect at the Gpdh locus was dependent 
on chromosomal pairing, two stocks were chosen from those available in 
which the Gpdh locus and a surrounding region had been transposed to a 
different site on either the second or third chromosome. It was expected that 
pairing in the Gpdh region would be disrupted in both of these transpositions 
because in each one of the breakpoints was very close to the Gpdh locus. 
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The cytological experiments involved crossing AT198 homozygote virgins to 
adult males of Tp(2;2)dpp72/Cy0 or Tp(2;3)dpp74JCyO genotypes. Fl progeny 
were cultured on banana food at 18°C with the addition of a yeast suspension. 
Slides were made from salivary gland preparations of Fl third instar larvae. 
Selection of the respective Tp/AT198 genotypes was done by discrimination of 
the AT198/Cy0 genotype, which has a distinct morphology due to the multiple 
inversions in CyO. 
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However, salivary gland preparations indicated that in Tp(2,2)/AT198 
heterozygotes, the homologous Gpdh loci were in close proximity although it 
was difficult to determine whether or not there was precise pairing. The GPDH 
activity levels indicated that the trans-acting effect occurred in these 
Tp(2,2)/AT198 heterozygotes. Trans-effects have been demonstrated at other 
loci in which the appropriate DNA regions are adjacent to each other (Muller et 
al., 1989). 
Salivary gland preparations for Tp(2,3)/AT198 heterozygotes indicated 
that pairing or close proximity of the alleles was present in about 50 percent of 
the cells. If pairing is essential for the dominance effect to occur then it might 
be expected these heterozygotes would have lower levels of GPDH activity but 
this was not found. However the frequency of pairing in these heterozygotes 
may be higher in vivo where the secondary structure is not disturbed and so 
this result cannot be used to argue that pairing is not essential. Further 
experiments which could be done to critically investigate the effect of pairing 
are discussed in the final chapter. 
Trans-acting effects at many loci have been shown to be affected by 
mutations at the zeste locus (Gans, 1953; Jack and Judd, 1979; Gelbart and Wu, 
1982; Bickel and Pirotta, 1990). Experiments have determined that single zeste 
binding sites (consensus sequence C/TGAGC/TG) are unable to bind protein 
(Benson and Pirrotta, 1988), and so they occur frequently in clusters of two or 
three sites which is also a characteristic of other cis-acting elements. In vitro 
binding assays have detected binding sites at a variety of loci including 
decapentaplegic, engrailed, Antennapedia, zeste itself, white and ultrabithorax. 
These sites may be either in the 5' or 3' flanking sequence or else within the 
actual transcription unit. At the white, Ubx and dpp loci, zeste binding sites 
have been detected in the general vicinity of known regulatory mutations 
which are upstream of the promoter region (Benson and Pirotta, 1988). 
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The zeste allele, z1, has little effect on the trans-activation at the Gpdh 
locus in males and none in females (Table 6.7). However, this does not 
necessarily mean that zeste has no effects on the Gpdh trans-activation as 
experiments at other loci have shown that not all zeste mutants affect trans-
activation at the same gene (Gelbart and Wu, 1982; Geyer et al., 1990) . 
Unfortunately due to time constraints, I was unable to investigate the effects of 
other zeste mutant alleles. However, I did scan the sequence of the Gpdh gene 
and the surrounding region for the zeste binding site consensus sequence 
(C/TGAGC/TG). The results (Figure 6.5) indicate that within the Gpdh locus 
there are only four motifs which match the consensus. These occur at positions 
490, 870, 1162 and 3489 (numbering refers to the aligned genomic sequences in 
Appendix C) and are thus not aggregated, suggesting that the zeste protein 
would probably be unable to bind. 
It seems clear that the partial P element insertions between the TATA 
box and the transcription initiation site are the cause of the low GPDH activity 
in homozygotes and the dominance effect in heterozygotes. It remains to be 
investigated though whether these effects are due to the actual sequence and 
intrinsic properties of the elements themselves, or whether the position and 
sizes of the insertions are the crucial factors. 
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Table 6.1 Examples of Drosophila gene loci at which trans-acting effects have been 
described. 
Effect of 
Disruption of Effect of 
Pairing on at least one 
Locus, Symbol Phenomenon Initial discovery Phenotype zeste allele 
brown, bw Dominant Muller Suppression None 
variegation (].Genet. 22, 299-334, 1930) 
cubitis ci effect Dubinin and Sidorov Enhancement ? 
interruptus, ci (Amer. Nat. 68, 377-381, 1934) 
white, w zeste-wh i te Gans (Bull. Biol. Fr. Suppression Enhancement 
interaction Belg Suppl.38, 1-90, 1953) 
bithorax, bx Transvection Lewis (Amer. Nat. Enhancement Enhancement 
88,225-239, 1954) 
light, It Variegation Hessler (Genetics 46, Enhancement ? 
463-484, 1958) 
64C puff Synapsis .dependent Ashburner (Nature Enhancement ? 
puffing 214, 1159-1160, 1967) 
Sgs-4 Synapsis dependent Korge (Chromosoma Enhancement ? 
puffing 62, 155-164, 1977) 
compensatory Compensatory Procunier and Tartof ? ? 
response, er+ response (Genetics 88, 67-79, 1978) 
decapentaplegic, Transvection Gelbart (Proc. Natl. Enhancement Enhancement 
dpp Acad. Sci. USA 
79,2636-2640, 1982) 
yellow, y yellow-2 Geyer et al (EMBO J. Enhancement Enhancement 
complementation 9,2247-2256, 1990) 
Sex combs Transvection Pattatucci et al Enhancement(?) None 
reduced, Ser personal comm. with 
Tartof and Henikoff (1991) 
Information taken from Tartof and Heinkoff, 1991 
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Table 6.2 sn-Glycerol-3-phosphate dehydrogenase activities (±standard 
errors). Each value is the mean obtained in assays of extracts from 4 separately 
prepared cultures. The expected activities are those calculated on the basis that 
heterozygotes are exactly intermediate between the two parental strains. 
Gpdh GPDH Expected % increase Probability 
genotype activity n GPDH over (t3) 
activity expected 
S/S 508.0±10.56 4 
F/F 546.5±8.22 4 
AH31/AH31 187.5±3.07 4 
AT198/AT198 207.8±3.38 4 
AK0107/AK0107 215.3±5.12 4 
AH31/S 513.8±5.01 4 347.8 47.7 <0.001 
AT198/F 476.8±10.59 4 377.2 26.4 <0.01, >0.001 
AK0107/F 545.5±9.19 4 380.4 43.4 <0.001 
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Table 6.3 sn-Glycerol-3-phosphate dehydrogenase activities (±standard 
errors). Each value is the mean obtained in assays of 3 separately prepared 
cultures. The expected activities are those calculated on the basis that 
heterozygotes are exactly intermediate between the two parental strains. 
Gpdh GPDH n Expected GPDH Probability 
~enotree activitr activity (t2) 
%dee~ 
ACyg22/ACyg22 21.0±2.0 3 
AT198/ACyg22 72.7±0.29 3 114.4 3k5 <0.001 
AK0107/ACy__8._22 103.3±0.29 3 118.2 \2. 'b <0.001 
Table 6.4 sn-Glycerol-3-phosphate dehydrogenase activities (±standard 
errors). Each value is the mean obtained in assays of extracts from 3 separately 
prepared cultures. The expected activities are those calculated on the basis that 
heterozygotes are exactly intermediate between the two parental strains. 
Gpdh GPDH Expected % increase Probability 
genotype activity n GPDH over (t2) 
activity expected 
AMBS/AMBS 54.7±2.57 3 
AT198/AMB5 182.0±2.29 3 131.3 38.6 <0.01, >0.001 
AH31/AMB5 189.0±4.73 3 121.1 56.0 <0.01, >0.001 
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Table 6.5 sn-Glycerol-3-phosphate dehydrogenase activities (±standard 
errors). Can44 is a normal wild-type D.simulans stock. Each value is the mean 
obtained in assays of extracts from 4 separately prepared cultures. The expected 
activities are those calculated on the basis that heterozygotes are exactly 
intermediate between the two parental strains. The culture conditions differed 
from those routihely used because of difficulty in obtaining sufficient numbers 
of D.melanogaster/D.simulans hybrids and this accounts for the lower than 
usual GPDH activities in the AT198 homozygotes. 
Gpdh GPDH Expected % increase Probability 
genotype activity n GPDH over (t3) 
activity expected 
AT198/AT198 114.4±10.71 4 
Can44/Can44 322.6±10.28 4 
AT198/Can44 371.4±9.66 4 218.5 69.9 <0.001 
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Table 6.6 sn-Glycerol-3-phosphate dehydrogenase activities (±standard 
errors). Each value is the mean obtained in assays of extracts from 3 or 4 
separately prepared cultures. The expected activities given are those 
calculated on the basis that heterozygotes are exactly intermediate between the 
two parental strains. Tp(2,2)/Df(2L)GdhA and Tp(2,3)/Df(2L)GdhA were used 
as the parental strains for the transposition stocks. 
Gpdh GPDH Expected % increase Probability 
genotype activity n GPDH over (t3) 
activity expected 
Tp(2 ,3) / Df(2 L) GdhA 241.3±2.36 3 
Tp(2,2)/Df(2L)GdhA 195.0±9.54 3 
Tp(2,3)/AT198 454.5±11.65 4 345.2 31.6 <0.01, >0.001 
Tp(2,2)/AT198 490.5±17.21 4 298.9 64.1 <0.01, >0.001 
Tp(2,3)/AH31 508.5±6.06 4 335.1 51.7 <0.001 
Tp(2,2)/AH31 519.5±15.84 4 288.8 79.8 <0.001 
Tp(2,3)/AK0107 515.5±14.35 4 348.9 47.8 <0.01, >0.001 
Tp(2,2)/AK0107 571.3±11.14 4 302.7 88.7 <0.001 
Tp(2,3)/F 600.3±17.29 4 514.5 16.7 <0.02, >0.01 
Tp(2,2)/F 604.3±10.86 4 468.3 29.0 <0.01, >0.001 
Tp(2,3)/S 536.0±17.04 4 495.3 8.2 <0.1, >0.05 
T[!_(2,2)/S 594.3±21.04 4 449.0 32.4 <0.01, >0.001 
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Table 6.7 sn-Glycerol-3-phosphate dehydrogenase activities (±standard 
errors). Each value is the mean obtained in assays of extracts from 5 separately 
prepared cultures. The expected activities given are those calculated on the 
basis that heterozygotes are exactly intermediate between the two parental 
strains. 
Gpdh GPDH Expected % increase Probability 
genotype activity n Gpdh over (4) 
activity expected 
Males 
z1/y, +/+ 498.6±7.12 5 
z1/Y, +/AT198 425.4±11.37 5 353.2 20.4 <0.001 
z1/Y, +/AK0107 468:8±6.56 5 356.9 31.4 <0.001 
Females 
z1/z1' +/+ 371.4±7.35 5 
+/+, AT198/AT198 151.8±3.13 5 
z1/z1, +/AT198 367.6±13.25 5 261.6 40.5 <0.01, >0.001 
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pDm60a(c) 
ras 
Figure 6.1 Northern blots of RNA from a normal activity GPDH 
allele, ACS, a low activity allele, AT198, and heterozygotes 
between both alleles probed with Gpdh sequences. 
10µ.g of poly A+ RNA for each of the samples was run in each 
lane. The probe pDm60a(c) hybridises to an mRNA 
transcript which is about 1.7-kb. 
The lower part of the figure indicates the hybridisation 
pattern for the ras probe which was used as a control to check 
that equal amounts of RNA were loaded onto the gel. 
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Figure 6.2 Homologous pairing between D.melanogaster and D.simulans. 
Salivary gland preparation showing the second chromosome in D.melanogaster/D.simulans 
hybrids. The position of the Gpdh locus is indicated with a black arrow. Most regions of 
chromosome II are paired, with the exception of the ends where pairing rarely occurs. 
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Figure 6.3 Position of the Gpdh locus in the transposition Tp(2;2)dpp74: 22F1-2; 26AB; 29DE. 
a) The diagram indicates the breakpoints and re-arrangement of chromosome II which results 
in the transposition Tp(2;2) . The region 22F2to 26A is moved to 290 on the left arm of 
chromosome II. 
b) A photograph of a salivary gland preparation of the genotype Tp(2,2)/AT198. The position 
of the Gpdh locus is indicated with a black arrow. In this preparation it is difficult to 
determine whether the homologues are paired, however, both homologues are in close 
proximity to one another. 
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Figure 6.4 Position of the Gpdh locus in the transposition Tp(2;3)dpp72: 22F1.-2; 34B; 81F. 
a) The diagram indicates the breakpoints and re-arrangement of chromosome II which results in 
the transposition Tp(2,3). The region 22F2 to 34A is moved to 81F on the right arm of chromosome 
III. 
b) A photograph of chromosome III in a salivary gland preparation of the genotype 
Tp(2,3)/AT198. The positions of the Gpdh loci on each chromosome are indicated with a black 
arrow. Although in this preparation both homologues are separated, investigations showed that 
in approximately 50 percent of the nuclei the two Gpdh loci were paired or in close proximity. 
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Figure 6.5 Homology within AT198 to the zeste binding motif. 
7 8 
The sequence of the low activity variant AT198 was scanned for similarities to the zeste binding 
consensus sequence C/TGAGC/TG (Wu and Goldberg, 1989). Four regions were found with complete 
homology to the consensus and these were located in the 5' initiation sequence and in each of 
introns 1, 2 and 4 (the nucleotide numbering refers to the sequence given in Appendix C). 
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CHAPTER 7: 
PERSPECTIVES AND PROSPECTS 
The aim of this work was to analyse the molecular structure of three low 
activity Gpdh variants, AMBS, ACyg22 and AT198, which had been isolated 
from natural populations (Gibson et al., 1986; 1991). These three variants 
differed from each other in that AMBS and ACyg22 were rare whereas variants 
with properties similar to AT198 were relatively common and had been found 
in geographically widespread populations. 
DNA sequence analyses of the Gpdh allele ACyg22 showed that it was a 
structural gene variant and that the low levels of GPDH activity are due to one 
or both of the two amino acid substitutions predicted within the coding region. 
It is possible that one of the nucleotide changes in ACyg22 occurred some time 
ago and the resulting amino acid substitution was neutral (a silent mutation) 
and that a second amino_ acid substitution, which was caused by the more recent 
nucleotide change, might have resulted in the lowered GPDH activity. Based 
on the present data the arginine to cysteine change is probably the more 
detrimental second change because cysteine is able to form new disulphide 
bonds with surrounding residues. This may alter the conformation of the 
GPDH protein and make it more susceptible to degradation by intracellular 
processes, which is what the experimental data suggest occurs. In order to 
identify more precisely the critical change, Gpdh constructs in which only one 
of the amino acid substitutions was present could be incorporated via P element 
transformation into the genome of a D.melanogaster line homozygous for a 
Gpdh null allele. Subsequent assays of GPDH activity should reveal which 
change is responsible for the low GPDH activity. 
The variant Gpdh allele AMBS, was cloned and sequenced in a previous 
study (Reed, 1989) and shown to be a regulatory mutant. It contains a 74-bp 
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deletion/20-bp insertion in the 5' flanking DNA which removed the normal 
TATA box. This variant produced two low abundance mRNAs in both adults 
and larvae and my experiments analysing the 5' ends of the mRNAs have now 
shown that one or two substitute TATA boxes are used in AMB5 to initiate an 
RNA transcript whose size is similar to the wild-type (1.7-kb). The larger 
transcript (1.9-kb) was found to be heterogeneous in length with different 5' 
termini and analyses of these start sites revealed that the transcripts were not 
initiated at TATA box sequences. Transcription initiation sites for AMB5 and a 
normal allele, ACS, were shown to be close to where Bewley et al. (1989) 
predicted. 
The third variant Gpdh allele, AT198, is representative of a category of low 
activity variants which occur relatively frequently within natural populations 
(Gibson et al., 1986). AT198, and the five other variants with similar properties 
which I have analysed, all have partial P element insertions located in the 5' 
region between the TATA box and the transcription initiation site. 
Interestingly these insertions were predominantly KP elements and all of them 
occurred at exactly the same site (position 678 in the Gpdh genomic sequence 
given in Appendix C) even though the strains were isolated from widely 
different geographic locations (eg: Tasmanian and Queensland). This finding is 
relevant to questions concerned with the origin and distribution of these 
mobile elements in Drosophila melanogaster. 
The earliest laboratory stocks of D.melanogaster found to contain P 
elements were only collected after the mid-1950s in North America, mid-1960s 
in France and in 1970 in the Soviet Union (Boussy and Kidwell, 1987). It 
appears that P elements have only entered this species within the past 50 years 
or so (Kidwell, 1983). There is a high degree of conservation in P elements and 
their derivatives, which is exemplified by the insertions at the Gpdh locus in 
which the KP elements have the same DNA sequence as the KP element cloned 
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and sequenced by Black et al. (1987), which was isolated from the Krasnodar 
(Russia) population. Southern blot analyses of other D.melanogaster strains 
indicated that this type of P element derivative also occurred frequently in 
other European populations as well as in Great Britain and Australia (Black et 
al., 1987). Subsequent work has shown that they also exist in Japanese 
populations (Itoh et al. (1989); Sakoyama et al., 1985 - in this publication no 
mention of KP elements is made but restriction maps matching those expected 
for KP elements are described). The geographical distribution of KP elements is 
not worldwide as they are rare or non-existant in North American populations 
(Engels, 1989). 
Until recently the origin of P elements was unclear (Kidwell, 1983), 
however, Daniels and colleagues (1990), who carried out an extensive survey on 
the distribution of P element homologous sequences within the genus 
Drosophila, showed that these sequences were essentially confined to the 
subgenus Sophophora. Daniels et al. (1990) were able to conclude from their 
data that the P element donor was probably from the willistoni species group. 
An intact P element isolated and sequenced from this species showed almost 
complete homology to the D.melanogaster P element (the only difference being 
an A to G substitution at position 32). They also note that since this same single 
base substitution was found in a KP element taken from a Japanese population 
(Itoh et al., 1989), it is possibile that there may be a subset of intact P elements 
within D.melanogaster which are completely identical to the cloned 
D.willistoni P element. 
It appears from investigations by Houck and co-workers (1991) that P 
elements could have been transferred from D.willistoni to D.melanogaster via a 
semi-parasitic mite, Proctolaelaps regalis DeLeon. They were able to 
demonstrate that P.regalis feeds on fly eggs by rapid cheliceral thrusting and 
piercing, and that movement of the mite between the fly hosts is extremely 
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rapid. Furthermore, the mites were shown to acquire P element sequences, as 
well as other genomic sequences, during feeding. 
Australia appears to have unusual P and KP element d istributions 
compared to other continents. There is a dine in the frequency of P strains 
along the eastern coastline of Australia (Boussy et al. , 1988) with complete P 
elements occurring at high frequency within natural populations in the north, 
and at lower frequencies in the south. Intermediate latitudes are 
predominantly Q strains (Boussy and Kidwell, 1987). Interestingly, there also 
appears to be a dine for KP elements within Australia, which is the reciprocal to 
that for P elements: KP elements are found at lowest frequencies in populations 
in the north and highest in the south (Boussy et al., 1988). Boussy et al. (1988) 
reported that the large majority of Australian natural populations comprise 
only KP and full sized P elements, with relatively few other types of partial P 
elements . 
The strains AT198, ACygB, ACyg83 and AAV65, which all have KP 
element insertions, were isolated from Tasmanian populations. It has been 
shown that Tasmanian populations do not contain complete P elements (John 
Gibson - personal communication) and thus the KP element insertions 
probably originated elsewhere and spread to Tasmania. It is also possible that 
the KP element insertions originated elsewhere in the world and then spread to 
Australia, as there is evidence that D.melanogaster have only been in Australia 
since European settlement in the early 19th century (Anxolabehere et al., 1988). 
Black et al. (1987) postulated that natural selection may play an important 
role in the distribution of KP elements as they have obtained data suggesting 
that KP element accumulation might be a means of suppressing hybrid 
dysgenesis. According to their model, flies having the greatest number of KP 
elements would be affected the least by hybrid dysgenesis and thus have the best 
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chance for reproduction. Boussy et al. (1988) argue that P populations from the 
north coast of Australia should gradually become more Q- or M- like as the KP 
elements diffuse from the south. It would be interesting to re-sample the 
populations along the east coast of Australia to determine whether the p and 
KP element dines are stable. 
The category of low activity Gpdh variants that share characteristics with 
AT198 provide only the second example in which phenotypic effects in natural 
populations are caused by mobile elements. It seems likely that more examples 
will be found when the experimental techniques used facilitate their detection. 
Another feature of these Gpdh variants worthy of comment is the site of 
the insertions. It is well documented that P elements have a stronger 
preference for inserting into euchromatin than in heterochromatin (Engels, 
1989), but more importantly with regard to the Gpdh insertions, P elements and 
their derivatives also have a tendency to insert into the 5' regions of 
transcription units which are normally involved in the regulation of 
expression (Tsubota et al., 1985: Chia et al., 1986; Searles et al., 1986; Kelley et al., 
1987; Roiha et al., 1988). It is difficult to ascertain the frequency with which 
insertions of P element derivatives at the Gpdh locus occur but my data suggest 
that there have been at least four separate insertions at exactly the same site -
two different orientations of KP elements, tandem KP elements and the 0.6-kb P 
element derivative. 
There are a number of possible mechanisms by which the partial P 
element insertions could lead to reduced mRNA and GPDH activity in AT198. 
The location of the insertion in the 5' region may be the crucial factor in 
disrupting Gpdh transcription and the low GPDH activity might arise solely as a 
result of stearic restrictions imposed by the insertions. Alternatively, there may 
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be some intrinsic property of the KP element that affects transcription, such as 
the presence of protein binding sites. 
Investigations on transcription initiation imply that the RNA polymerase 
and part of the accompanying initiation complex (composed of numerous 
transcription factors) is in direct contact with the TATA box and the initiation 
site (Hahn et al., 1989; Johnson and McKnight, 1989; White and Jackson, 1992). 
The TATA box is presumed to direct the RNA polymerase to the initiation site, 
and therefore the spacing between these two elements is crucial for efficient 
transcription. One consequence of the location of the KP element insertions in 
the Gpdh variants is that the distance between the TATA box and the initiation 
site will be increased and this seems to be the sole cause of the reduction of 
mRNA in these variants. 
Kovacs and Butterworth (1986) have carried out experiments on the trout 
protamine gene (TPG-3) in which they manipulated the DNA to effectively 
increase or decrease the spacing between the transcription initiation site and the 
TAT A box. Their results indicated that small alterations (1-4 nucleotides) 
within this region led to new nucleotide positions for initiation. This result 
appears to correlate well with the data for the transcription initiation 
experiments done on A Tl 98 which were discussed in Chapter 5. When four 
Gpdh transcripts from this variant were analysed (figure 5.15), three of them 
were found to originate at slightly different nucleotide positions compared to 
the normal allele, ACB, which may be suggestive of heterogeneity in the spacing 
between the TATA box and the initiation site. 
Assay data (not shown) indicate that similar reductions in GPDH activity 
occur with a range of different sized insertions which suggests that the actual 
sizes of the insertion may not be a crucial factor. This may be because the partial 
P element insertions form loop structures (Figure 7.1) so that the distance 
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between the TATA box and the initiation site would only be increased by a 
small amount (ie: a few nucleotides). Schleif (1992) has reported that anywhere 
from tens to thousands of nucleotide bases are able to be looped out and so the 
1.15-kb required at the AT198 Gpdh promoter region would not be 
inconceivable. 
The KP element contains three sets of inverted repeats (Figure 7.2) that are 
potentially able to facilitate the formation of a loop structure. If the KP element 
were able to form a loop, it could begin close to the insertion point due to the 
terminal 31-bp inverted repeats and this might ensure that the actual increase 
in spacing between the TATA box and initiation site would be relatively small. 
As well as the TATA box promoter, there may also be other upstream 
regulatory elements (enhancers) involved in regulating Gpdh expression via 
looping and DNA-protein interactions, although such elements have not been 
reported. Bewley and co_-workers identified a presumptive CAATT box located 
239-bp upstream of the TATA box, and a region with homology to a cAMP 
regulatory element (CRE) that is some 107-bp further upstream. These tentative 
identifications of putative regulatory elements were based only on sequence 
homology to known motifs, and further experiments involving deletion 
analyses will be required to accurately map the regulatory sequences. 
Nevertheless, it is possible that the partial P element insertions interfere with 
promoter/ enhancer interactions and contribute to reduced levels of 
transcription in this way. 
An example of a transposable element insertion which exerts its effect via 
a protein binding site is the gypsy insertion at the yellow locus in 
D.melanogaster (Geyer et al., 1990). In this instance the gypsy element, which is 
inserted in the 5' region between the yellow promoter and enhancer sequences, 
contains a binding site for the su(Hw) protein. When the su(Hw) protein is 
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bound to the element it inhibits the promoter/ enhancer interactions and 
decreases trancription of the yellow gene. This mechanism was only discovered 
after a thorough investigation of regulatory elements at the yellow locus and 
was aided to a large extent by the availability of a wide range of different yellow 
mutants. While the reduced activity at the Gpdh locus in AT198 may also arise 
from a similar mechanism, the lack of appropriate mutants and information on 
5' regulatory sequences means that this cannot be tested currently. It would be 
possible to test whether the effect on GPDH activity is dependent on any 
intrinsic property of the KP element by using P element transformation and 
constructs with other DNA inserted in the same position. 
It is generally observed that transposable element insertions 5' but close to 
the transcription site reduce transcription. An example is the hobo insertion in 
the 5' region of the Sgs-4 gene in D.melanogaster (McGinnis et al., 1983) in 
which transcription is reduced 50 to 100 fold. Of particular interest therefore, 
with regard to the Gpdh insertions, are the partial P element insertions at the X-
linked G6PD locus in D.melanogaster that cause over-expression of the enzyme 
(Tanda and Hori, 1983a; Tanda and Hori, 1983b; Itoh et al., 1988; Itoh et al., 1989; 
Ito et al., 1989). Three G6PD mutants, 2512H, 1FH and 544H, were originally 
isolated through artificial selection for high G6PD activity (Figure 7.3). 
Southern blotting analyses indicated that each of these mutants had two 
insertions within the G6PD coding region: one was located just 5' to exon 1 and 
the other was located in intron 1 (subsequent experiments determined that the 
insertion in intron 1 was not responsible for the alterations in expression). As 
Figure 7.3 shows, the three mutants had different insertions which were 
composed of KP, KP' and core P elements. It was determined that the 
transcripts from each of the G6PD mutants is the same size as the wild-type, and 
that in all cases the insertion site is 29-bp upstream of the transcription 
initiation site. 
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A G6P D clone was isolated which had single copies of the KP and KP' 
elements that were separated by only the 8-bp target site duplications for each 
element as well as another 8-bp sequence. Itoh et al. (1988) believe that in this 
clone the core P element had been excised during the amplification process. As 
these revertants exhibited normal activity Itoh et al. (1989) were able to 
conclude that the sequence responsible for the over-expression was not 
contained within the P element derivatives, and hence must lie within the core 
P sequence. Further evidence for this is provided by the G6PD mutant S44L 
which has only a single KP element and a single partially deleted core P 
element. This mutant shows a lesser degree of over-expression, compared to 
the other mutants having intact core P elements. 
The core P sequence was eventually cloned (although it was then not 
located in its original position between the KP elements) and found to be 
another form of P element derivative having an internal deletion of 2.3-kb 
from the complete P element (making the insertion about 0.6-kb). Ito et al. 
(1989) argued that if this core P element was able to behave in a similar way to 
an enhancer then it may contain DNAse hypersensitivity (DH) sites, a 
characteristic of many enhancers previously studied (Eissenberg et al., 1985). Ito 
and co-workers failed to find any DH sites within the flanking KP and KP' 
elements but identified two DH sites in the core P element, which is consistant 
with their model of core P activation at the G6PD locus. 
Itoh et al. (1989) propose that the G6P D mutations are able to achieve 
increased levels of protein through the core P element acting as an enhancer in 
promoting increased transcription, possibly by facilitating the binding of a 
transcription factor /s. It is interesting to note that the 0.6-kb core P insertion in 
the G6PD mutants is very similar (differing only by a few nucleotides) to the 0.6-
kb insert in the Gpdh low activity variant, GB2, that was isolated from a 
London (UK) population. The similarity between these two derivatives 
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suggests that the DH sites found in the core P element might also be present in 
GB2. If this were so it might suggest that the core P element does not stimulate 
expression in G6PD on its own but in conjunction with adjacent KP and/ or KP' 
elements. 
In contrast to the G6PD insertions, which are a combination of different P 
element derivatives, the Gpdh variants analysed in my studies have 
predominantly single KP element insertions and this difference may account 
for the different effects of the insertions on transcription. 
Another point relevant to both the G6PD and the Gpdh systems involves 
the orientation of the KP element and other P element derivatives with respect 
to the transcriptional orientation of the respective gene. In all of the insertions 
at the G6P D locus, the transcriptional orientation of the insertions is the same 
as for the host gene (ie: both genes are transcribed in the same direction). In 
Gpdh, the variants AAV_65, ACygB, AK0107 and GB2 all have insertions that 
are transcribed in the same direction as Gpdh. However, the insertions found 
in AT198 and ACyg83 are in the opposite transcriptional orientation to Gpdh. 
Since the activity levels for all of the alleles having a single KP element 
insertion in Gpdh (AAV65, ACygB, ACyg83 and AT198) are similar, the specific 
orientation of the insertion does not seem to be relevant. However, analyses 
on the splicing of P elements from two yellow mutants (Geyer et al., 1990), 
which occur at the same position but in the opposite orientation, reveals that in 
some situations the orientation can be important. 
A major characteristic of AT198 and similar low activity variants (Gibson 
et al., 1986; this thesis) is that they are associated with a dominance effect on 
GPDH activity when heterozygous with a normal allele. Several investigators 
have proposed models to account for transvection and other trans-acting effects 
including lateral propagation of chromatin structure, sequestration of genes to 
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specific nuclear subcompartments, local diffusion of RNAs or proteins, and 
interaction of proteins bound at one gene with the regulatory elements of its 
paired homolog (Zachar et al., 1985; Judd, 1988; Wu and Goldberg, 1989). At 
most trans-acting and transvection loci in D.melanogaster (Tartof and Henikoff, 
1991) chromosome synapsis has been shown to be crucial for these effects. 
Analyses have indicated that the increased GPDH activity in A Tl 98 
heterozygotes arises from increased mRNA synthesis of the normal allele, and 
this suggests that an effect of the insertion in A Tl 98 is to increase the rate of 
Gpdh expression in its homologous (normal) allele. One way in which this 
might occur is if the insertion reduces transcription in cis but causes an increase 
in the relative concentration of transcription factors that are then available to 
act in trans and increase transcription from the normal allele. Normally, the 
time required to form a committed initiation complex is limited by the rate that 
each transcription factor can bind (which is in an ordered sequence - White and 
Jackson, 1992), and hence the aquisition of partial initiation complexes by the 
normal allele might effectively speed up transcription by eliminating one or 
more steps in the formation of this complex. If the KP element is able to form a 
loop, as was postulated earlier in this discussion, then the Gpdh TATA boxes 
for both AT198 and the normal allele would be positioned close together, as in 
the normal wild-type homozygote, and this might facilitate the transfer of 
trancription factors and/ or transcription complexes from the variant allele to 
the normal allele. 
Models for the dominance effect which involve interplay between 
transcription factors and both variant and normal alleles would probably 
require pairing, however, my experiments have not been able to critically test 
this. Cytological data show that in the transposition heterozygote, 
Tp(2,3)/AT198, pairing only occurs in SO percent of the cells although the level 
of dominance is the same as for Tp(2,2)/AT198 heterozygotes where pairing or 
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close proximity is seen in 100 percent of the cells. This lack of dependence on 
pairing could be explained if we assume that the Gpdh locus on each 
chromosome only accomodates a certain number of transcription complexes at 
any one time. Investigations at other loci have shown that there may be more 
than one transcription complex functioning at once per transcription unit (Jay 
D. Gralla - personal communication). It may be that 50 percent of cells with 
paired chromosomes are sufficient to provide enough free or unbound 
complexes to saturate the normal Gpdh allele so that the increase in pairing 
from 50 to 100 percent in the transposition heterozygotes makes no difference to 
the overall increase in transcriptional flux. 
The effects of chromosomal pairing on the trans-effect at the Gpdh locus 
can be explored more thoroughly by producing new transposition stocks in 
which synapsis is inhibited. However, a more direct approach would use P 
element transformation to produce appropriate conformations. For example, a 
transposition containing the AT198 allele could be injected into +/Df(2L)GpdhA 
embryos. Adults in which the transposition is located on the second 
chromosome in cis configuration with the wild-type allele could be selected and 
assayed for GPDH to determine whether dominance still occurred. By 
positioning the A Tl 9'8 allele in cis with the normal allele, pairing between the 
two loci would be inhibited. It would also be feasible to test constructs in which 
the AT198 allele was in trans to the normal allele but at a site such that pairing 
did not occur. A range of transformed stocks having this allele in 
transpositions located at different positions on both the Df(2L)GdhA and wild-
type chromosomes could be tested to determine how dominance is affected 
when AT198 is in different cis and trans configurations. P element 
transformation could also be used to test whether a functional TATA box is 
required for the dominance effect. 
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Bickel and Pirrotta (1990) speculate that one of the ways in which the zeste 
gene product may mediate transvection is by bringing two DNA regions 
together. Preliminary activity assays on Gpdh heterozygotes have shown that 
the zeste mutant, z1, has no affect on the dominance, however, it would be 
useful to test the effects of other zeste mutants because it has been shown that 
some trans-acting effects are mediated by some zeste mutants but not all. For 
example, at the Ubx locus, za alleles (but not zl) enhance the mutant phenotype 
of bx34ejubx1 (Babu and Bhat, 1981), whereas only za alleles suppress the 
mutant phenotype of Cbx Ubx/+ (Gelbart and Wu, 1982). In some 
circumstances at the dpp locus only zl (and not za) will enhance the mutant 
phenotype of dpp4/dpph02 (Gelbart and Wu, 1982). 
In conclusion, a number of mechanisms have been presented to account 
for both the reduced activity in homozygotes and the over-expression of GPDH 
in heterozygotes. Although the effects of disrupted chromosome pairing on the 
trans-acting effect was not able to be tested critically, I would predict that 
inhibiting synapsis would abolish the dominance effect. It is difficult to 
perceive of any mechanism that could account for these effects if the 
homologous loci were not in close proximity, unless expression of the Gpdh 
locus was controlled by a long range acting regulator of the zeste nature. 
Overall, my studies have shown that low activity Gpdh variants in 
natural populations be caused by alterations in the structural gene (ACyg22), as 
well as in the regulatory regions (AMB5 and AT198). These mutants provide 
the first examples found of regulatory mutants of the Gpdh locus. The studies 
have also provided some important information regarding the regulation of 
Gpdh expression, and have demonstrated the importance of investigating 
natural variants in addition to those that are artificially induced. Of particular 
interest is the evidence that the relatively common category of low activity 
variants in natural populations are caused by partial P element insertions. 
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Although the origins of these P element mutations and their derivatives are 
not clear, the relatively high frequency in natural populations indicates that 
they do not adversely affect fitness, probably because in heterozygotes the trans-
acting dominance effect gives almost wild-type levels of GPDH. 
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RNA polymerase, 
Transcription factors 
Figure 7.1 Looping of the KP element in AT198 . 
If the KP elements were able to form loop structures in the 5' region of the Gpdh locus, the increase 
in spacing between the TATA box and the transcription initiation site may be relatively small (ie: 
a few nucleotides). The KP element has three pairs of inverted repeats which may encourage 
looping, and the 31-bp terminal inverted repeats are shown as black boxes. 
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CGACGGGACCACCTrATGTfATITCATCATG 
2877 2907 
CATGATGAAATAACATAAGGTGGTCCCGTCG 
1 31 
... ... 
A Tr AACCCTf A TAAGGGTf AA T 
126 136 2763 2773 
1 : Exon 1 Exon2 Exon 3: 2907 
·······-················--··········-- ···---~ 
GATGATGAGCCTGTCGATGATGAGCCTGTCGATGA 
n~ n~ 
ATAACCATCTGTACAAAAAAGGATITCCTTfGCCCAGTCGTACGACTTfGTACAGATGGTfAT 
737 799 
Figure 7 .2 The complete P element showing inverted and direct repeats. 
Within the P element there are two 31-bp, 11-bp and 17-bp inverted repeats. Each of these are 
present in the KP element. There are also a pair of overlapping 20-bp direct repeats that are 
present in the compete P element but not in the KP element. The deletion in the P element that 
results in a KP element is enclosed in dotted rectangle. These inverted repeats may enable the KP 
element to form a loop structure which might minimise the effects of these insertions at the Gpdh 
locus. 
Figure taken from Engels, 1989. 
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Insertion 1 
core P core P 
2512H r--=----,----____,,~....., 
S44H"""'-=::::-~......., .............. ~~~ 
exonl 
1-kb 
Insertion 2 
II ill IV 
Figure 7.3 Insertions found in mutants giving rise to over-expression at the G6PD locus. 
The stippled boxes represent the 0.6-kb core P sequences and the open boxes of insertion 1 are the 
1.15-kb KP (left) and KP' (right) elements (in the KP' element the 32nd base of the KP was 
replaced by a G). The dark shaded boxes are exons. The KP and KP' elements and insertion 2 have 
been shown not to contribute to the over-expression of G6PD mRNA. The mutant 2512 was found to 
have a 3.5-kb insertion which was composed of a KP element and a KP' element which were 
separated by two copies of a core P sequence. The mutant lFH contained an insertion of 2.9-kb 
which incorporated a KP and KP' element which were separated by only a single core P sequence. 
S44L had a 1.75-kb insertion which was made up of a single copy of a KP element and a partial 
core P element. 
Figure from Ito et al. , 1989. 
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APPENDIX A. DNA size markers. 
The three DNA markers used throughout this work are shown 
below. All sizes are in kilo bases. 
Spp-1 EcoRI cpXl 7 4 Haelll A Hindlll 
-23.13 
__.,....7.84 -9.42 
-6.96 5.86 -6.68 
-4.69 
-4.36 
-3.37 
-2.68 
-2.32 
-1.80, 1.89 -2.02 
-1.45 
-1.33 -1.353 
-1.09 
-1.078 
-0.88 
-0.892 
-0.66 
-0.56 
-0.603 
-0.48 
-0.38 
../0.310 
- 0.271, 0.281 
-0.234 
'0.194 
-0.118 
-0.72 
APPENDIX B. 
Oligonucleotide primers used in Gpdh sequence analyses. 
Oligonucleotides used as sequence primers, polymerase chain reaction primers 
and end labelled hybridisation probes for Gpdh. The position given is relative to 
the Gpdh sequences described in Appendix C. The oligonucleotides are ranked 
according to their position from the beginning of the sequence (their names refer 
to the order in which they were synthesised). The melting temperature (Tm) 
was calculated using the equation Tm=4GC+2AT. In most cases the 
olignucleotide sequences were based on the Gpdh sequence of Bewley et al. 
(1989). All oligos were produced on a 380B Applied Biosystems DNA 
Synthesiser. 
Oligo' 
nm 
JG 60 
JG 56* 
JG 63* 
JG 59 
JG 55* 
JG 7 
JG 23 
JG 33* 
JG 24 
JG 34* 
JG 25 
Position 
370-389 
389-370 
556-534 
796-815 
815-796 
1080-1103 
1450-1469 
1469-1450 
1817-1836 
1836-1817 
2129-2148 
JG 35a* 2148-2129 
JG 26 2482-2500 
JG 36a* 2500-2482 
JG 45* 2563-2544 
JG 9 2648-2668 
JG 27 2841-2860 
JG 37* 2860-2841 
JG 8* 2898-2918 
JG 28 3151-3169 
JG 38* 3169-3151 
JG 53 3194-3213 
JG 29 3465-3484 
JG 39* 3484-3465 
JG 11 3825-3845 
Sequence 
5' CGC TCC AAA GTT CGG CAA TT 3' 
5' AATTGCCGAACTTTGGAGCG 3' 
5' AGA GTC CGT GTG CAT GTG T 3' 
5' AGCGAGTCCATCGACAACAA 3' 
5' TTG TTG TCG ATG GAC TCG CT 3' 
5' GGC AAG AAG CTI ACG GAG A TT ATC 3' 
5' "CCTTTGACGTAGGTCAAGGC 3' 
5' GCCTTGACCTACGTCAAAGG 3' 
5' TCT A TG CCG CAC CGT TTG TT 3' 
5' AACAAACGGTGCGGCATAGA 3' 
5' GTGGAACGAAATACGTGTCG 3' 
5' CGA CAC GTA TTT CGT TCC AC 3' 
5' AGCATCCGGGATATGGAGAA 3' 
5' TTCTCCATATCCCGGATGCT 3' 
5' GAC TGG CTG GTC AGA TCG AT 3' 
5' ATC CGT CTG CAG TTC CCT TCA 3' 
5' TCC CAA CTI CTG CAA ACA GC 3' 
5' GCTGTTTGCAGAAGTTGGGA 3' 
5' GGACTAGTTCCCGAAGCTGTT 3' 
5' ATC TCT TCC AGG CGA ACC A 3' 
5' TGG TIC GCC TGG AAG AGA T 3' 
5' TGC TGA TGC CGT GGA GGT TT 3' 
5' AAGGTT ATCAGGAACGGGCA3' 
5' TGCCCGTTCCTGATAACCTT 3' 
5' AGA AGC TGC AGG GCC CAC CCA 3' 
183 
Tm 
60 
60 
58 
60 
60 
66 
62 
62 
60 
60 
60 
60 
60 
60 
60 
64 
60 
60 
64 
58 
58 
62 
60 
60 
70 
Size 
20mer 
20mer 
19mer 
20mer 
20mer 
24mer 
20mer 
20mer 
20mer 
20mer 
20mer 
20mer 
20mer 
20mer 
20mer 
2 lmer 
20mer 
20mer 
2 lmer 
19mer 
19mer 
20mer 
20mer 
20mer 
2 lmer 
JG 10* 3845-3825 5' TGG GTG GGC CCT GCA GCT TCT 3' 70 2 lmer 
JG 30 4227-4245 5' GCT AAG TTG ATG CAC CIT C 3' 56 19mer 
JG 40* 4245-4227 5' GAA GGT GCA TCA ACT TAG C 3' 56 19mer 
JG 31 4490-4509 5' CCC GTA GTC ACT ACT AA T CC 3' 60 20mer 
JG 41* 4509-4490 5' GGA TTA GTA GTG ACT ACG GG 3' 60 20mer 
JG 44* 4687-4668 5' GGTGATTTGATCTATGCGGG 3' 60 20mer 
JG 32 4958-4977 5' AATTGGCAGCTGCAAATCGG 3' 60 20mer 
JG 42* 4977-4958 5' CCG ATT TGC AGC TGC CAA TT 3' 60 20mer 
JG 43* 5165-5146 5' ACG TCT CAG CIT CIT TAG GG 3' 62 20mer 
JG 54 5401-5420 5' CT A GCC AAG AAA CAA ACG CA 3' 58 20mer 
JG 12* 5502-5522 5' GCC TGA CGC ATC TGT GAT CIT 3' 64 2 lmer 
* Primers which are complementary to the coding strand 
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APPENDIXC. 
Alignment of Gpdh genomic sequences. 
The Gpdh genomic sequences from a control normal activity strain, ACB, and 
three low activity variants, AMB5, ACyg22 and AT198 have been aligned. A 
consensus sequence is given at the top of the alignments. Nucleotides showing 
incomplete homology between the four variant sequences are highlighted in 
black in the consensus sequence, and the nucleotides represented by the black 
symbols are shown on the following page. 
The exon structure of the Gpdh sequences are as follows: 
Pre-initiation sequence 1-689 
Leader sequence 690-824 
Exon 1 825-869 
Exon 2 983-1160 
Exon 3 2767-2973 
Exon4 3039-3411 
Exon 5 3741-3894 
Exon 6 3963-4056 
Exon 7 4580-4610 
Exon 8 5130-5139 
185 
IUPACcodes 
A adenine 
B not A 
C cytosine 
D note 
G guanine 
H not G 
K G orT 
M AorC 
N any base 
R AorG 
s CorG 
T thymine 
u T 
V not T 
w AorT 
y C orT 
gap 
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MBS • 
CB I> 
T79B • 
Cyg22 • 
MB S ~ 
cs .. 
T7 98 • 
Cyg22 • 
MBS ~ 
CB~ 
T1 98• 
Cyg22 • 
MBS ~ 
CB• 
T1 9B• 
Cyg22 • 
MBS ~ 
CB • 
T1 9B• 
Cyg22 • 
MBS • 
CB• 
T19B• 
0yg22 • 
20 40 60 
ATTAGATTATTCAGAAAAATAACAGTGACAAAAGGATGACACAGTTGATTATAAAACATT 
ATTAGATTATTCAGAAAAATAACAGTGACAAAAGGATGACACAGTTGATTATAAAACATT 
ATTAGATTATTCAGAAAAATAACAGTGACAAAAGGATGACACAGTTGATTATAAAACATT 
ATTAGATTATTCAGAAAAATAACAGTGACAAAAGGATGACACAGTTGATTATAAAACATT 
ATTAGATTATTCAGAAAAATAACAGTGACAAAAGGATGACACAGTTGATTATAAAACATT 
80 100 120 
AGCACTTGTTTTTGGTTGCAATTTGCTAATTTGTTGGCATTCCGAATCAAAACAGGCAAA 
AGCACTTGTTTTTGGTTGCAATTTGCTAATTTGTTGGCATTCCGAATCAAAACAGGCAAA 
AGCACTTGTTTTTGGTTGCAATTTGCTAATTTGTTGGCATTCCGAATCAAAACAGGCAAA 
AGCACTTGTTTTTGGTTGCAATTTGCTAATTTGTTGGCATTCCGAATCAAAACAGGCAAA 
AGCACTTGTTTTTGGTTGCAATTTGCTAATTTGTTGGCATTCCGAATCAAAACAGGCAAA 
140 160 180 
CCAATACAifTTAATAGTAAAAGGGAAAATAAATAAATAAACTTTGTAAATGTTTATATA 
CCAATACACTTTAATAGTAAAAGGGAAAATAAATAAATAAACTTTGTAAATGTTTATATA 
CCAATACAATTTAATAGTAAAAGGGAAAATAAATAAATAAACTTTGTAAATGTTTATATA 
CCAATACAATTTAATAGTAAAAGGGAAAATAAATAAATAAACTTTGTAAATGTTTATATA 
CCAATACAATTTAATAGTAAAAGGGAAAATAAATAAATAAACTTTGTAAATGTTTATATA 
200 220 240 
AAATAAG[3AAATAAATTCATGAAAA!TAGGGiAATGTATGGTTTTCAAATTTTl'\1ACGAA 
AAATAAGGAAATAAATTCATGAAAAATAGGGGAATGTATGGTTTTCAAATTTTTTACGAA 
AAATAAGGAAATAAATTCATGAAAATTAGGGGAATGTATGGTTTTCAAATTTTTCACGAA 
AAATAAGGAAATAAATTCATGAAAAATAGGGGAATGTATGGTTTTCAAATTTTTCACGAA 
AAATAAGAAAATAAATTCATGAAAAATAGGG.AATGTATGGTTTTCAAATTTTTCACGAA 
260 280 300 
TACCGTTAACG~~AAATGCACAATACCAATTTGAATTTGGCGCCACAACTGCTCA 
TACCGTTAACGAATG .. CAAATGCACAATACCAATTTGAATTTGGCGCCACAACTGCTCA 
TACCGTTAACGATAGTACAAATGCACAATACCAATTTGAATTTGGCGCCACAACTGCTCA 
TACCGTTAACGATAGTACAAATGCACAATACCAATTTGAATTTGGCGCCACAACTGCTCA 
TACCGTTAACGATAGTACAAATGCACAATACCAATTTGAATTTGGCGCCACAACTGCTCA 
320 340 360 
CTTTGCAGCACTGAACAAGAG~GCGCAAAGGGGTTATACAGTACTGGTCAATATACCA 
CTTTGCAGCACTGAACAAGAGCATGCGCAAAGGGGTTATACAGTACTGGTCAATATACCA 
CTTTGCAGCACTGAACAAGAGCATGCGCAAAGGGGTTATACAGTACTGGTCAATATACCA 
CTTTGCAGCACTGAACAAGAGCATGCGCAAAGGGGTTATACAGTACTGGTCAATATACCA 
CTTTGCAGCACTGAACAAGAGACTGCGCAAAGGGGTTATACAGTACTGGTCAATATACCA 
187 
MBS _. 
CB t, 
T1 98 t, 
Cyg22 t, 
MBS ~ 
CB t, 
T1 98 t, 
Cyg22 t, 
MBS ~ 
CB t, 
T198 ~ 
Cyg22 t, 
MBS t> 
C8t, 
T198 ~ 
Cyg22 t, 
MBS t, 
CBt, 
T198t, 
Cygzz • 
MBS t, 
ca~ 
T198t, 
%22 • 
380 400 420 
GGGATGCAACGCTCCAAAGTTCGGCAATTGAACCAATCTAAAGAGTTTAACTATTCTAGT 
GGGATGCAACGCTCCAAAGTTCGGCAATTGAACCAATCTAAAGAGTTTAACTATTCTAGT 
GGGATGCAACGCTCCAAAGTTCGGCAATTGAACCAATCTAAAGAGTTTAACTATTCTAGT 
GGGATGCAACGCTCCAAAGTTCGGCAATTGAACCAATCTAAAGAGTTTAACTATTCTAGT 
GGGATGCAACGCTCCAAAGTTCGGCAATTGAACCAATCTAAAGAGTTTAACTATTCTAGT 
440 460 480 
ACAACTACAGTTTATTTAAATAATTTCCATGGTTAAAACAATACCAGGATGTACTGCGCA 
ACAACTACAGTTTATTTAAATAATTTCCATGGTTAAAACAATACCAGGATGTACTGCGCA 
ACAACTACAGTTTATTTAAATAATTTCCATGGTTAAAACAATACCAGGATGTACTGCGCA 
ACAACTACAGTTTATTTAAATAATTTCCATGGTTAAAACAATACCAGGATGTACTGCGCA 
ACAACTACAGTTTATTTAAATAATTTCCATGGTTAAAACAATACCAGGATGTACTGCGCA 
500 520 540 
TTGGAAAAGTGAGCGGATTTCCCGCTTGCGAGCTTATCGCACCACCAACACAAACATACA 
TTGGAAAAGTGAGCGGATTTCCCGCTTGCGAGCTTATCGCACCACCAACACAAACATACA 
TTGGAAAAGTGAGCGGATTTCCCGCTTGCGAGCTTATCGCACCACCAACACAAACATACA 
TTGGAAAAGTGAGCGGATTTCCCGCTTGCGAGCTTATCGCACCACCAACACAAACATACA 
TTGGAAAAGTGAGCGGATTTCCCGCTTGCGAGCTTATCGCACCACCAACACAAACATACA 
560 
CATGCACACGGACTCTCTTCGCTCTCTTCC 
580 600 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
CATGCACACGGACTCTCTTCGC~CTCTTCC ............................. . 
CATGCACACGGACTCTCTTCGCTCTCTTCCTCTCTCTCTCTCTCTTCGCAATCGCAACGA 
CATGCACACGGACTCTCTTCGCTCTCTTCCTCTCTCTCTCTCTCTTCGCAATCGCAACGA 
CATGCACACGGACTCTCTTCGCTCTCTTCCTCTCTCTCTCTCTCTTCGCAATCGCAACGA 
620 640 660 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
....•...•.........................•••.......••.. TA TT A TCCTT AT 
TTTGTTGTTGGCCGCAGTGCTTGTTTTGCTTATATTAGCATGTGTGGA .......•.... 
TTTGTTGTTGGCCGCAGTGCTTGTTTTGCTTATATTAGCATGTGTGGA ........... . 
TTTGTTGTTGGCCGCAGTGCTTGTTTTGCTTATATTAGCATGTGTGGA •.•••••..... 
680 700 720 
l~l~l~l~l~l~l~l~l~GTGCAAACCAAGAATCAGTAGTCGCCGCGGTTTCGACGTGTCA§Tl"TGCAG 
TTCATCATGGTGCAAACCAAGAATCAGTAGTCGCCGCGGTTTCGACGTGTCACTTTGCAG 
......... GTGCAAACCAAGAATCAGTAGTCGCCGCGGTTTCGACGTGTCAGTTTGCAG 
......... GTGCAAACCAAGAATCAGTAGTCGCCGCGGTTTCGACGTGTCAGTTTGCAG 
......... GTGCAAACCAAGAATCAGTAGTCGCCGCGGTTTCGACGTGTCAGTTTGCAG 
188 
~ 
M85 ~ 
CB • 
T1 98~ 
Cyg22 • 
M85 ~ 
CB • 
T1 98 ~ 
Cyg22 ~ 
M85 • 
CB~ 
T198 [P 
()yg22 ~ 
MBH 
CB~ 
T198 ~ 
0yg22 ~ 
MBS ~ 
CB~ 
T19B ~ 
0/922 .. 
MB5 ~ 
CB~ 
T1 9B ~ 
%22 ~ 
740 760 780 
~AATTACAATTGATTAATCGCGCCAAATCGCGG~AAGTAGTACTTAGCAAGTAGC 
TTCAATTACAATTGATTAATCGCGCCAAATCGCGGACGCAAGTAGTACTTAGCAAGTAGC 
TACAATTACAATTGATTAATCGCGCCAAATCGCGGAGCCAAGTAGTACTTAGCAAGTAGC 
TACAATTACAATTGATTAATCGCGCCAAATCGCGGAGCCAAGTAGTACTTAGCAAGTAGC 
TACAATTACAATTGATTAATCGCGCCAAATCGCGGAGCCAAGTAGTACTTAGCAAGTAGC 
800 820 840 
AAGAGGAAGCACATCAGCGAGTCCATCGACAACAATAACAAAATATGGCGGATAAAGTAA 
AAGAGGAAGCACATCAGCGAGTCCATCGACAACAATAACAAAATATGGCGGATAAAGTAA 
AAGAGGAAGCACATCAGCGAGTCCATCGACAACAATAACAAAATATGGCGGATAAAGTAA 
AAGAGGAAGCACATCAGCGAGTCCATCGACAACAATAACAAAATATGGCGGATAAAGTAA 
AAGAGGAAGCACATCAGCGAGTCCATCGACAACAATAACAAAATATGGCGGATAAAGTAA 
860 880 900 
ATGTGTGCATTGTGGGCTCCGGCl9ACTGGTGAGTGCACTTAATTACCCATCGCCAGATGC 
ATGTGTGCATTGTGGGCTCCGGCAACTGGTGAGTGCACTTAATTACCCATCGCCAGATGC 
ATGTGTGCATTGTGGGCTCCGGCAACTGGTGAGTGCACTTAATTACCCATCGCCAGATGC 
ATGTGTGCATTGTGGGCTCCGGCAACTGGTGAGTGCACTTAATTACCCATCGCCAGATGC 
ATGTGTGCATTGTGGGCTCCGGCTACTGGTGAGTGCACTTAATTACCCATCGCCAGATGC 
920 940 960 
ACTTACATAATGACCATCTAATCCACACCCGCACCCAACACCACCCCACCAACATTTTAA 
ACTTACATAATGACCATCTAAfCCACACCCGCACCCAACACCACCCCACCAACATTTTAA 
ACTTACATAATGACCATCTAATCCACACCCGCACCCAACACCACCCCACCAACATTTTAA 
ACTTACATAATGACCATCTAATCCACACCCGCACCCAACACCACCCCACCAACATTTTAA 
ACTTACATAATGACCATCTAATCCACACCCGCACCCAACACCACCCCACCAACATTTTAA 
980 1000 1020 
TCTAAACCTTGCGCCCTTGCAGGGGTTCGGCCATAGCGAAAATCGTGGGCGCCAATGCCG 
TCTAAACCTTGCGCCCTTGCAGGGGTTCGGCCATAGCGAAAATCGTGGGCGCCAATGCCG 
TCTAAACCTTGCGCCCTTGCAGGGGTTCGGCCATAGCGAAAATCGTGGGCGCCAATGCCG 
TCTAAACCTTGCGCCCTTGCAGGGGTTCGGCCATAGCGAAAATCGTGGGCGCCAATGCCG 
TCTAAACCTTGCGCCCTTGCAGGGGTTCGGCCATAGCGAAAATCGTGGGCGCCAATGCCG 
1040 1060 1080 
CCGCTCTGCCGGAGTTCGAGGAGCGTGTGACGATGTTCGTCTACGAGGAGCTCATCGATG 
CCGCTCTGCCGGAGTTCGAGGAGCGTGTGACGATGTTCGTCTACGAGGAGCTCATCGATG 
CCGCTCTGCCGGAGTTCGAGGAGCGTGTGACGATGTTCGTCTACGAGGAGCTCATCGATG 
CCGCTCTGCCGGAGTTCGAGGAGCGTGTGACGATGTTCGTCTACGAGGAGCTCATCGATG 
CCGCTCTGCCGGAGTTCGAGGAGCGTGTGACGATGTTCGTCTACGAGGAGCTCATCGATG 
189 
MBS • 
CB • 
T7 9B• 
Cyg22 • 
MBS • 
ca • 
T7 9B• 
C)tg22 • 
MBS • 
CB • 
T1 9B• 
Cyg22 • 
MBS • 
CB • 
T1 9B• 
Cyg22 • 
MBS • 
CB • 
T79B• 
Cyg22 • 
MBS • 
CB• 
T79B• 
Cyg22 • 
1100 1120 1140 
GCAAGAAGCTGACGGAGATTATCAACGAGACGCACGAGAACGTCAAGTACCTGAAAGGAC 
GCAAGAAGCTGACGGAGATTATCAACGAGACGCACGAGAACGTCAAGTACCTGAAAGGAC 
GCAAGAAGCTGACGGAGATTATCAACGAGACGCACGAGAACGTCAAGTACCTGAAAGGAC 
GCAAGAAGCTGACGGAGATTATCAACGAGACGCACGAGAACGTCAAGTACCTGAAAGGAC 
GCAAGAAGCTGACGGAGATTATCAACGAGACGCACGAGAACGTCAAGTACCTGAAAGGAC 
1160 1180 1200 
ACAAGCTGCCCCCGAATGTGGTGAGTGTTGTTCGCTGGTTGCCAATCAATGGGGTGGACT 
ACAAGCTGCCCCCGAATGTGGTGAGTGTTGTTCGCTGGTTGCCAATCAATGGGGTGGACT 
ACAAGCTGCCCCCGAATGTGGTGAGTGTTGTTCGCTGGTTGCCAATCAATGGGGTGGACT 
ACAAGCTGCCCCCGAATGTGGTGAGTGTTGTTCGCTGGTTGCCAATCAATGGGGTGGACT 
ACAAGCTGCCCCCGAATGTGGTGAGTGTTGTTCGCTGGTTGCCAATCAATGGGGTGGACT 
1220 1240 1260 
TATGTAAC~CCGGAGCGGATTGTTAACAAACAGCCGTGCGCTTACATAAAGGCTGCATA 
TATGTAAC.GCCGGAGCGGATTGTTAACAAACAGCCGTGCGCTTACATAAAGGCTGCATA 
TATGTAAC.GCCGGAGCGGATTGTTAACAAACAGCCGTGCGCTTACATAAAGGCTGCATA 
TATGTAAC.GCCGGAGCGGATTGTTAACAAACAGCCGTGCGCTTACATAAAGGCTGCATA 
TATGTAACCGCCGGAGCGGATTGTTAACAAACAGCCGTGCGCTTACATAAAGGCTGCATA 
1280 1300 1320 
CCTTGATCTTGGCCGTGCGGACCCAAATTATCTAATCGGTCGAATCCGCGTCTATTTTTA 
CCTTGATCTTGGCCGTGCGGACCCAAATTATCTAATCGGTCGAATCCGCGTCTATTTTTA 
CCTTGATCTTGGCCGTGCGGACCCAAATTATCTAATCGGTCGAATCCGCGTCTATTTTTA 
CCTTGATCTTGGCCGTGCGGACCCAAATTATCTAATCGGTCGAATCCGCGTCTATTTTTA 
CCTTGATCTTGGCCGTGCGGACCCAAATTATCTAATCGGTCGAATCCGCGTCTATTTTTA 
1340 1360 1380 
CACCGCGCTCGCTCTCTCTCTCTC~CGCTG~CTCTGGCTGCA§TClaiTTGCACTC 
CACCGCGCTCGCTCTCTCTCTCTCT .. GCGCTGTGCTCTGGCTGCACTCTTCTTGCACTC 
CACCGCGCTCGCTCTCTCTCTCTCTCTGCGCTGCGCTCTGGCTGCAGTCAGATTGCACTC 
CACCGCGCTCGCTCTCTCTCTCTCTCTGCGCTGCGCTCTGGCTGCAGTCAGATTGCACTC 
CACCGCGCTCGCTCTCTCTCTCTCTCTGCGCTGCGCTCTGGCTGCAGTCAGATTGCACTC 
1400 1420 1440 
T~GCACTTTTCAGGGCCAGCATCGCAC"T!TCGCTCTCCGCGl4Am)AGAGCGCGTCCG 
TTGCTGCACTTTTCAGGGCCAGCATCGCACTCTCGCTCTCCGCG.AAGAGAGCGCGTCCG 
TTCTTGCACTTTTCAGGGCCAGCATCGCACTGTCGCTCTCCGCG.AA.AGAGCGCGTCCG 
TTCTTGCACTTTTCAGGGCCAGCATCGCACTCTCGCTCTCCGCGAAAGAGAGCGCGTCCG 
TTCTTGCACTTTTCAGGGCCAGCATCGCACTCTCGCTCTCCGCG.AAGAGAGCGCGTCCG 
190 
MBS • 
CB • 
T7 9B• 
Cyg22 • 
MBS • 
CB • 
T1 9B• 
Cyg22 • 
MBS • 
CB • 
T1 9B• 
Cyg22 • 
MBS • 
ca -. 
T1 9B• 
Cyg22 • 
MBS • 
CB• 
T7 9B• 
Cyg22 • 
MBS • 
CB• 
T79B• 
Cyg22 • 
1460 1480 1500 
GCCCCAGTGCCTTTGACGTAGGTCAAGGCCGGTGGGCGTGCAATGGGCCACCCCC~G 
GCCCCAGTGCCTTTGACGTAGGTCAAGGCCGGTGGGCGTGCAATGGGCCACCCCCTCGCG 
GCCCCAGTGCCTTTGACGTAGGTCAAGGCCGGTGGGCGTGCAATGGGCCACCCCCT • • CG 
GCCCCAGTGCCTTTGACGTAGGTCAAGGCCGGTGGGCGTGCAATGGGCCACCCCCTCGCG 
GCCCCAGTGCCTTTGACGTAGGTCAAGGCCGGTGGGCGTGCAATGGGCCACCCCCT .• CG 
1520 1540 1560 
CAGGGCCGCCCAGAATGCGTCAACATTCTATTAGCCGATAATTGGACAGGCAGGCGATAA 
CAGGGCCGCCCAGAATGCGTCAACATTCTATTAGCCGATAATTGGACAGGCAGGCGATAA 
CAGGGCCGCCCAGAATGCGTCAACATTCTATTAGCCGATAATTGGACAGGCAGGCGATAA 
CAGGGCCGCCCAGAATGCGTCAACATTCTATTAGCCGATAATTGGACAGGCAGGCGATAA 
CAGGGCCGCCCAGAATGCGTCAACATTCTATTAGCCGATAATTGGACAGGCAGGCGATAA 
1580 1600 1620 
GCAGGCGATCCACTTGAAACGGGTGCGTTGCTACACATGTACATGCTCCACAGGCAlfCG 
GCAGGCGATCCACTTGAAACGGGTGCGTTGCTACACATGTACATGCTCCACAGGCACTCG 
GCAGGCGATCCACTTGAAACGGGTGCGTTGCTACACATGTACATGCTCCACAGGCACTCG 
GCAGGCGATCCACTTGAAACGGGTGCGTTGCTACACATGTACATGCTCCACAGGCACTCG 
GCAGGCGATCCACTTGAAACGGGTGCGTTGCTACACATGTACATGCTCCACAGGCA.TCG 
1640 1660 1680 
AGCTGTTCTGTTTGCCGATTATTGATAAGTCCAACTGGTCCGGGTCGGTTGATAAAGTCC 
AGCTGTTCTGTTTGCCGATT~TTGATAAGTCCAACTGGTCCGGGTCGGTTGATAAAGTCC 
AGCTGTTCTGTTTGCCGATTATTGATAAGTCCAACTGGTCCGGGTCGGTTGATAAAGTCC 
AGCTGTTCTGTTTGCCGATTATTGATAAGTCCAACTGGTCCGGGTCGGTTGATAAAGTCC 
AGCTGTTCTGTTTGCCGATTATTGATAAGTCCAACTGGTCCGGGTCGGTTGATAAAGTCC 
1700 1720 1740 
ATCCATAAAGGAGAGTCAGAAGTTCATCC~GACAAAGTTTGCCCCATGCCTTGGAAAAA 
ATCCATAAAGGAGAGTCAGAAGTTCATCCACGACAAAGTTTGCCCCATGCCTTGGAAAAA 
ATCCATAAAGGAGAGTCAGAAGTTCATCCGCGACAAAGTTTGCCCCATGCCTTGGAAAAA 
ATCCATAAAGGAGAGTCAGAAGTTCATCCGCGACAAAGTTTGCCCCATGCCTTGGAAAAA 
ATCCATAAAGGAGAGTCAGAAGTTCATCCGCGACAAAGTTTGCCCCATGCCTTGGAAAAA 
1760 1780 1800 
ACCTAGCCATGCGTTGGCAGCATGGGGATTGATAAACGTGAAAAACAGAAACCAAACAAA 
ACCTAGCCATGCGTTGGCAGCATGGGGATTGATAAACGTGAAAAACAGAAACCAAACAAA 
ACCTAGCCATGCGTTGGCAGCATGGGGATTGATAAACGTGAAAAACAGAAACCAAACAAA 
ACCTAGCCATGCGTTGGCAGCATGGGGATTGATAAACGTGAAAAACAGAAACCAAACAAA 
ACCTAGCCATGCGTTGGCAGCATGGGGATTGATAAACGTGAAAAACAGAAACCAAACAAA 
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1820 1840 1860 
ATGTGGGCGACACTTTTCTATGCCGCACCGTTTGTTTGCCTATATAATTTACACACATAT 
ATGTGGGCGACACTTTTCTATGCCGCACCGTTTGTTTGCCTATATAATTTACACACATAT 
ATGTGGGCGACACTTTTCTATGCCGCACCGTTTGTTTGCCTATATAATTTACACACATAT 
ATGTGGGCGACACTTTTCTATGCCGCACCGTTTGTTTGCCTATATAATTTACACACATAT 
ATGTGGGCGACACTTTTCTATGCCGCACCGTTTGTTTGCCTATATAATTTACACACATAT 
1880 1900 1920 
ATAAATTTGGCAGACTTTCAGCGACTTTCGGC(BTTTGTGGGAGAGGGG(j:;AATCAAAACA 
ATAAATTTGGCAGACTTTCAGCGACTTTCGGCGTTTGTGGGAGAGGGGGGAATCAAAACA 
ATAAATTTGGCAGACTTTCAGCGACTTTCGGCTTTTGTGGGAGAGGGGCGAATCAAAACA 
ATAAATTTGGCAGACTTTCAGCGACTTTCGGCTTTTGTGGGAGAGGGGCGAATCAAAACA 
ATAAATTTGGCAGACTTTCAGCGACTTTCGGCTTTTGTGGGAGAGGGGCGAATCAAAACA 
1940 1960 1980 
ACAGATGAGCCAAAAGAAAATAGATAAACGAGGCTGAAATTCTATAAGCAATGATCGCCA 
ACAGATGAGCCAAAAGAAAATAGATAAACGAGGCTGAAATTCTATAAGCAATGATCGCCA 
ACAGATGAGCCAAAAGAAAATAGATAAACGAGGCTGAAATTCTATAAGCAATGATCGCCA 
ACAGATGAGCCAAAAGAAAATAGATAAACGAGGCTGAAATTCTATAAGCAATGATCGCCA 
ACAGATGAGCCAAAAGAAAATAGATAAACGAGGCTGAAATTCTATAAGCAATGATCGCCA 
2000 2020 2040 
CCAATGTCAGATATGCAAAAAGTAl):;CAAAAGGCAATGAATATGTGTCAGCAAGCTAATG 
CCAATGTCAGATATGCAAAAAGTACGCAAAAGGCAATGAATATGTGTCAGCAAGCTAATG 
CCAATGTCAGATATGCAAAAAGTATGCAAAAGGCAATGAATATGTGTCAGCAAGCTAATG 
CCAATGTCAGATATGCAAAAAGTATGCAAAAGGCAATGAATATGTGTCAGCAAGCTAATG 
CCAATGTCAGATATGCAAAAAGTATGCAAAAGGCAATGAATATGTGTCAGCAAGCTAATG 
2060 2080 2100 
Ajt:TTAATGCAACAAAGAACTAATGAAAATATTTGGAAATTCTGTTTATT118::CCGTATG 
ATCTTAATGCAACAAAGAACTAATGAAAATATTTGGAAATTCTGTTTATTTACCCGTATG 
AGCTTAATGCAACAAAGAACTAATGAAAATATTTGGAAATTCTGTTTATTTGCCCGTATG 
AGCTTAATGCAACAAAGAACTAATGAAAATATTTGGAAATTCTGTTTATTTGCCCGTATG 
AGCTTAATGCAACAAAGAACTAATGAAAATATTTGGAAATTCTGTTTATTTACCCGTATG 
2120 2140 2160 
GAATTACTm1"TTGTCCATATGACGCAGTGAGGAGCGAAATACGTGTCGAATAGCTTAGAA 
GAATTACTATTTGTCCATATGACGCAGTGAGGAGCGAAATACGTGTCGAATAGCTTAGAA 
GAATTACTGTTTGTCCATATGACGCAGTGAGGAGCGAAATACGTGTCGAATAGCTTAGAA 
GAATTACTGTTTGTCCATATGACGCAGTGAGGAGCGAAATACGTGTCGAATAGCTTAGAA 
GAATTACTGTTTGTCCATATGACGCAGTGAGGAGCGAAATACGTGTCGAATAGCTTAGAA 
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2180 2200 2220 
GTCT§AAG'TACCTGAATTG(rAATTGGCAGCTGGTTTTTCTAGTTAAATTTACTTTTACC 
GTCTCAACTACCTGAATTGTTAATTGGCAGCTGGTTTTTCTAGTTAAATTTACTTTTACC 
GTCTGAATTACCTGAATTGCTAATTGGCAGCTGGTTTTTCTAGTTAAATTTACTTTTACC 
GTCTGAATTACCTGAATTGCTAATTGGCAGCTGGTTTTTCTAGTTAAATTTACTTTTACC 
GTCTGAATTACCTGAATTGCTAATTGGCAGCTGGTTTTTCTAGTTAAATTTACTTTTACC 
2240 2260 2280 
GATGTCAAATC!TAG!TTGTTACGTTATTGCAAAATATATAACAATTATTTAAATGTCAT 
GATGTCAAATCTTAGTTTGTTACGTTATTGCAAAATATATAACAATTATTTAAATGTCAT 
GATGTCAAATCATAGATTGTTACGTTATTGCAAAATATATAACAATTATTTAAATGTCAT 
GATGTCAAATCATAGATTGTTACGTTATTGCAAAATATATAACAATTATTTAAATGTCAT 
GATGTCAAATCATAGATTGTTACGTTATTGCAAAATATATAACAATTATTTAAATGTCAT 
2300 2320 2340 
TGCCCTAGTAAGi"fCATTAAAATGCTAGTAGCGCAACATCACACTATACACACTTTATAA 
TGCCCTAGTAAGCTCATTAAAATGCTAGTAGCGCAACATCACACTATACACACTTTATAA 
TGCCCTAGTAAGATCATTAAAATGCTAGTAGCGCAACATCACACTATACACACTTTATAA 
TGCCCTAGTAAGATCATTAAAATGCTAGTAGCGCAACATCACACTATACACACTTTATAA 
TGCCCTAGTAAGATCATTAAAATGCTAGTAGCGCAACATCACACTATACACACTTTATAA 
2360 2380 2400 
CTTAACCTTTTAAAATTTCCATTTGCTTGCCATT~TCTTTTT~TGAACCCATAA 
CTTAACCTTTTAAAATTTCCAT-fTGCTTGCCATTTTGGTCTTTTTTTTGTGAACCCATAA 
CTTAACCTTTTAAAATTTCCATTTGCTTGCCATTTTTGTCTTTTTT .. GTGAACCCATAA 
CTTAACCTTTTAAAATTTCCATTTGCTTGCCATTTTTGTCTTTTTT .. GTGAACCCATAA 
CTTAACCTTTTAAAATTTCCATTTGCTTGCCATTTTTGTCTTTTTT .. GTGAACCCATAA 
2420 2440 2460 
TCACTATCGTCGCGCGTAGAAAAAAACAAATACATTAGCAATATGAACTCATTTCAAATG 
TCACTATCGTCGCGCGTAGAAAAAAACAAATACATTAGCAATATGAACTCATTTCAAATG 
TCACTATCGTCGCGCGTAGAAAAAAACAAATACATTAGCAATATGAACTCATTTCAAATG 
TCACTATCGTCGCGCGTAGAAAAAAACAAATACATTAGCAATATGAACTCATTTCAAATG 
TCACTATCGTCGCGCGTAGAAAAAAACAAATACATTAGCAATATGAACTCATTTCAAATG 
2480 2500 2520 
CTACAAACAGGTTGGCGAGCCAGCA~§;!ATATGGAGAAATAATACTC!BATGTACAAA 
CTACAAACAGGTTGGCGAGCCAGCATGGCGATATGGAGAAATAATACTCTGATGTACAAA 
CTACAAACAGGTTGGCGAGCCAGCATCGGGATATGGAGAAATAATACTCTGATGTACAAA 
CTACAAACAGGTTGGCGAGCCAGCATGGCGATATGGAGAAATAATACTCTGATGTACAAA 
CTACAAACAGGTTGGCGAGCCAGCATGGGCATATGGAGAAATAATACTCGTATGTACAAA 
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2540 2560 2580 
GTCACCCATATCAAGCTCAGCCGATCGATCTGACCAGCCAGTCCGCGATTTAAATTGTCT 
GTCACCCATATCAAGCTCAGCCGATCGATCTGACCAGCCAGTCCGCGATTTAAATTGTCT 
GTCACCCATATCAAGCTCAGCCGATCGATCTGACCAGCCAGTCCGCGATTTAAATTGTCT 
GTCACCCATATCAAGCTCAGCCGATCGATCTGACCAGCCAGTCCGCGATTTAAATTGTCT 
GTCACCCATATCAAGCTCAGCCGATCGATCTGACCAGCCAGTCCGCGATTTAAATTGTCT 
2600 2620 2640 
AGACAGCTGAGGAACGAGCCTCCAA~TTGGAGTGGAATACACGTGCTGGGAAAATGAT 
AGACAGCTGAGGAACGAGCCTCCAAAAGTTGGAGTGGAATACACGTGCTGGGAAAATGAT 
AGACAGCTGAGGAACGAGCCTCCAAAGGTTGGAGTGGAATACACGTGCTGGGAAAATGAT 
AGACAGCTGAGGAACGAGCCTCCAAAGGTTGGAGTGGAATACACGTGCTGGGAAAATGAT 
AGACAGCTGAGGAACGAGCCTCCAAAGGTTGGAGTGGAATACACGTGCTGGGAAAATGAT 
2660 2680 2700 
TTCCGTGATCCGTCTGCAGTTCCCTTCATl\1AACCTTCAGCCCGCTTATCGGAGTTATAT 
TTCCGTGATCCGTCTGCAGTTCCCTTCATTCAACCTTCAGCCCGCTTATCGGAGTTATAT 
TTCCGTGATCCGTCTGCAGTTCCCTTCATTTAACCTTCAGCCCGCTTATCGGAGTTATAT 
TTCCGTGATCCGTCTGCAGTTCCCTTCATTTAACCTTCAGCCCGCTTATCGGAGTTATAT 
TTCCGTGATCCGTCTGCAGTTCCCTTCATTTAACCTTCAGCCCGCTTATCGGAGTTATAT 
2720 2740 2760 
AT!TTTTTitTTTTTTTCCTTATCACAGTAATTAGAAAAGTTTACTTTGTGGCCCCTATT 
ATATTTTTTGTTTTTTTCCTTATCACAGTAATTAGAAAAGTTTACTTTGTGGCCCCTATT 
ATTTTTTT.GTTTTTTTCCTTATCACAGTAATTAGAAAAGTTTACTTTGTGGCCCCTATT 
ATTTTTTT.GTTTTTTTCCTTATCACAGTAATTAGAAAAGTTTACTTTGTGGCCCCTATT 
ATTTTTTT.GTTTTTTTCCTTATCACAGTAATTAGAAAAGTTTACTTTGTGGCCCCTATT 
2780 2800 2820 
CCACAGGTTGCCGTGCCCGACCTGGTTGAGGCCGCCAAGAACGCTGACATCCTGATCTTC 
CCACAGGTTGCCGTGCCCGACCTGGTTGAGGCCGCCAAGAACGCTGACATCCTGATCTTC 
CCACAGGTTGCCGTGCCCGACCTGGTTGAGGCCGCCAAGAACGCTGACATCCTGATCTTC 
CCACAGGTTGCCGTGCCCGACCTGGTTGAGGCCGCCAAGAACGCTGACATCCTGATCTTC 
CCACAGGTTGCCGTGCCCGACCTGGTTGAGGCCGCCAAGAACGCTGACATCCTGATCTTC 
2840 2860 2880 
GTGGTGCCCCACCAGTTCATTCCCAACTTCTGCAAACAGCTACTGGGCAAGATfjAAGCCA 
GTGGTGCCCCACCAGTTCATTCCCAACTTCTGCAAACAGCTACTGGGCAAGATCAAGCCA 
GTGGTGCCCCACCAGTTCATTCCCAACTTCTGCAAACAGCTACTGGGCAAGATTAAGCCA 
GTGGTGCCCCACCAGTTCATTCCCAACTTCTGCAAACAGCTACTGGGCAAGATTAAGCCA 
GTGGTGCCCCACCAGTTCATTCCCAACTTCTGCAAACAGCTACTGGGCAAGATTAAGCCA 
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2900 2920 · 2940 
AATGCCATCGCTATCTCCCTGATCAAGGGCTTCGACAAGGCCGAGGGCGGCGGCATCGAT 
I I 
AATGCCATCGCTATCTCCCTGATCAAGGGCTTCGACAAGGCCGAGGGCGGCGGCATCGAT 
AATGCCATCGCTATCTCCCTGATCAAGGGCTTCGACAAGGCCGAGGGCGGCGGCATCGAT 
AATGCCATCGCTATCTCCCTGATCAAGGGCTTCGACAAGGCCGAGGGCGGCGGCATCGAT 
AATGCCATCGCTATCTCCCTGATCAAGGGCTTCGACAAGGCCGAGGGCGGCGGCATCGAT 
2960 2980 3000 
CTGATCTCGCATATAATCACGCGTCACCTGAAGGCAAGTCAGCGTCGCAAAGGTGACACC 
. 
CTGATCTCGCATATAATCACGCGTCACCTGAAGGCAAGTCAGCGTCGCAAAGGTGACACC 
CTGATCTCGCATATAATCACGCGTCACCTGAAGGCAAGTCAGCGTCGCAAAGGTGACACC 
CTGATCTCGCATATAATCACGCGTCACCTGAAGGCAAGTCAGCGTCGCAAAGGTGACACC 
CTGATCTCGCATATAATCACGCGTCACCTGAAGGCAAGTCAGCGTCGCAAAGGTGACACC 
3020 3040 3060 
GCCAGAATATCTAATCCACTTGTGACTTTCCATCGCAGATCCCATGCGCCGTGTTGATGG 
. I . 
GCCAGAATATCTAATCCACTTGTGACTTTCCATCGCAGATCCCATGCGCCGTGTTGATGG 
GCCAGAATATCTAATCCACTTGTGACTTTCCATCGCAGATCCCATGCGCCGTGTTGATGG 
GCCAGAATATCTAATCCACTTGTGACTTTCCATCGCAGATCCCATGCGCCGTGTTGATGG 
GCCAGAATATCTAATCCACTTGTGACTTTCCATCGCAGATCCCATGCGCCGTGTTGATGG 
3080 3100 3120 
GCGCiAACCTGGCCAACGAGGTGGCTGAGGGCAACTTCTGCGAAACGACAATCGGCTGCA 
. . . . 
GCGCCAACCTGGCCAACGAGGTGGCTGAGGGCAACTTCTGCGAAACGACAATCGGCTGCA 
GCGCAAACCTGGCCAACGAGGTGGCTGAGGGCAACTTCTGCGAAACGACAATCGGCTGCA 
GCGCAAACCTGGCCAACGAGGTGGCTGAGGGCAACTTCTGCGAAACGACAATCGGCTGCA 
GCGCAAACCTGGCCAACGAGGTGGCTGAGGGCAACTTCTGCGAAACGACAATCGGCTGCA 
3140 3160 3180 
CGGACAAGAAGTATGGCAAGGiut:TGCGCGATCl\1TTCCAGGCGAACCACTTCCGCGTGG 
. I I I 
CGGACAAGAAGTATGGCAAGGTTCTGCGCGATCTATTCCAGGCGAACCACTTCCGCGTGG 
CGGACAAGAAGTATGGCAAGGTGCTGCGCGATCTCTTCCAGGCGAACCACTTCCGCGTGG 
CGGACAAGAAGTATGGCAAGGTGCTGCGCGATCTCTTCCAGGCGAACCACTTCCGCGTGG 
CGGACAAGAAGTATGGCAAGGTGCTGCGCGATCTCTTCCAGGCGAACCACTTCCGCGTGG 
3200 3220 3240 
TGGTCGTGGACGATGCTGATGCCGTGGAGGTTTGCGGTGCCCTCAAGAACATCGTGGCCT 
. I I . I 
TGGTCGTGGACGATGCTGATGCCGTGGAGGTTTGCGGTGCCCTCAAGAACATCGTGGCCT 
TGGTCGTGGACGATGCTGATGCCGTGGAGGTTTGCGGTGCCCTCAAGAACATCGTGGCCT 
TGGTCGTGGACGATGCTGATGCCGTGGAGGTTTGCGGTGCCCTCAAGAACATCGTGGCCT 
TGGTCGTGGACGATGCTGATGCCGTGGAGGTTTGCGGTGCCCTCAAGAACATCGTGGCCT 
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3260 3280 3300 
GCGGCGCTGGCTTTGTTGATGG~TCAAGCTGGGCGACAACACCAAGGCGGCTGTCATCC 
GCGGCGCTGGCTTTGTTGATGGTCTCAAGCTGGGCGACAACACCAAGGCGGCTGTCATCC 
GCGGCGCTGGCTTTGTTGATGGCCTCAAGCTGGGCGACAACACCAAGGCGGCTGTCATCC 
GCGGCGCTGGCTTTGTTGATGGCCTCAAGCTGGGCGACAACACCAAGGCGGCTGTCATCC 
GCGGCGCTGGCTTTGTTGATGGCCTCAAGCTGGGCGACAACACCAAGGCGGCTGTCATCC 
3320 3340 3360 
GGCTGGGCCTCATGGAGATGATTCGCTTCGTGGACGTCTTCTATCCCGGii\GCAAGCTGT 
GGCTGGGCCTCATGGAGATGATTCGCTTCGTGGACGTCTTCTATCCCGGCAGCAAGCTGT 
GGCTGGGCCTCATGGAGATGATTCGCTTCGTGGACGTCTTCTATCCCGGAAGCAAGCTGT 
GGCTGGGCCTCATGGAGATGATTCGCTTCGTGGACGTCTTCTATCCCGGAAGCAAGCTGT 
GGCTGGGCCTCATGGAGATGATTCGCTTCGTGGACGTCTTCTATCCCGGAAGCAAGCTGT 
3380 3400 3420 
CCACCTTCTTCGAGAGCTGCGG~TGGCCGATCTGATCACGACGTGTTACGGTAAGTGCA 
CCACCTTCTTCGAGAGCTGCGGTGTGGCCGATCTGATCACGACGTGTTACGGTAAGTGCA 
CCACCTTCTTCGAGAGCTGCGGCGTGGCCGATCTGATCACGACGTGTTACGGTAAGTGCA 
CCACCTTCTTCGAGAGCTGCGGCGTGGCCGATCTGATCACGACGTGTTACGGTAAGTGCA 
CCACCTTCTTCGAGAGCTGCGGCGTGGCCGATCTGATCACGACGTGTTACGGTAAGTGCA 
3440 3460 3480 
AAAGTTCGCCAGGGCATGTGAGTTTGG~CTCGGTTAAATTGAGA~TTATC~GAACG 
AAAGTTCGCCAGGGCATGTGAGTTTGGTGCTCGGTTAAATTGAGAAGGTTATCAGGAACG 
AAAGTTCGCCAGGGCATGTGAGTTTGGAGCTCGGTTAAATTGAGAAGGTTATCAGGAACG 
AAAGTTCGCCAGGGCATGTGAGTTTGGAGCTCGGTTAAATTGAGAAAGTTATCGGGAACG 
AAAGTTCGCCAGGGCATGTGAGTTTGGAGCTCGGTTAAATTGAGAAAGTTATCGGGAACG 
3500 3520 3540 
~CAACAACGAGr£{TAATAAGTCAACAAACTGCTAGTCAAATGCTATTATTATTTTAAGG 
AGCAACAACGAGTTTAATAAGTCAACAAACTGCTAGTCAAATGCTATTATTATTTTAAGG 
GGCAACAACGAGCGTAATAAGTCAACAAACTGCTAGTCAAATGCTATTATTATTTTAAGG 
GGCAACAACGAGCGTAATAAGTCAACAAACTGCTAGTCAAATGCTATTATTATTTTAAGG 
GGCAACAACGAGCGTAATAAGTCAACAAACTGCTAGTCAAATGCTATTATTATTTTAAGG 
3560 3580 3600 
CAAAAACAACTCTGCCAGTGACTCACATTCAATAGTAATTGCGAATTGCTTTATTAGCCT 
CAAAAACAACTCTGCCAGTGACTCACATTCAATAGTAATTGCGAATTGCTTTATTAGCCT 
CAAAAACAACTCTGCCAGTGACTCACATTCAATAGTAATTGCGAATTGCTTTATTAGCCT 
CAAAAACAACTCTGCCAGTGACTCACATTCAATAGTAATTGCGAATTGCTTTATTAGCCT 
CAAAAACAACTCTGCCAGTGACTCACATTCAATAGTAATTGCGAATTGCTTTATTAGCCT 
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3620 3640 3660 
TTACTAATAGCTGTGTAACAAATTAGTTCTGTTTATGACTGl'iAGCTTGTTACTTTAAGT 
TTACTAATAGCTGTGTAACAAATTAGTTCTGTTTATGACTGTCAGCTTGTTACTTTAAGT 
TTACTAATAGCTGTGTAACAAATTAGTTCTGTTTATGACTGTAAGCTTGTTACTTTAAGT 
TTACTAATAGCTGTGTAACAAATTAGTTCTGTTTATGACTGTAAGCTTGTTACTTTAAGT 
TTACTAATAGCTGTGTAACAAATTAGTTCTGTTTATGACTGTAAGCTTGTTACTTTAAGT 
3680 3700 3720 
TGTTTGTTTTATGTAAGGTACACTTAGGTAGCAATTACAATTTliJ;AAlfTTTGATAa,AA 
TGTTTGTTTTATGTAAGGTACACTTAGGTAGCAATTACAATTTTAGAATGTTTGATAAAA 
TGTTTGTTTTATGTAAGGTACACTTAGGTAGCAATTACAATTTTTGAATTTTTGATATAA 
TGTTTGTTTTATGTAAGGTACACTTAGGTAGCAATTACAATTTTTGAATTTTTGATATAA 
TGTTTGTTTTATGTAAGGTACACTTAGGTAGCAATTACAATTTTAGAATGTTTGATATAA 
3740 3760 3780 
TAACTATGCATCTCTTCCAGGTGGCCGTAACCGC~CGTCTCTGAGGCGTTTGTGACTTC 
TAACTATGCATCTCTTCCAGGTGGCCGTAACCGCCGCGTCTCTGAGGCGTTTGTGACTTC 
TAACTATGCATCTCTTCCAGGTGGCCGTAACCGCCGCGTCTCTGAGGCGTTTGTGACTTC 
TAACTATGCATCTCTTCCAGGTGGCCGTAACCGCCGCGTCTCTGAGGCGTTTGTGACTTC 
TAACTATGCATCTCTTCCAGGTGGCCGTAACCGCTGCGTCTCTGAGGCGTTTGTGACTTC 
3800 3820 3840 
TGGAAAAACCATTGAGGAGCTGGAGAAGGAAATGCTCAACGGCCAGAAGCTGCAGGGCCC 
TGGAAAAACCATTGAGGAGCTGGAGAAGGAAATGCTCAACGGCCAGAAGCTGCAGGGCCC 
TGGAAAAACCATTGAGGAGCTGGAGAAGGAAATGCTCAACGGCCAGAAGCTGCAGGGCCC 
TGGAAAAACCATTGAGGAGCTGGAGAAGGAAATGCTCAACGGCCAGAAGCTGCAGGGCCC 
TGGAAAAACCATTGAGGAGCTGGAGAAGGAAATGCTCAACGGCCAGAAGCTGCAGGGCCC 
3860 3880 3900 
ACCCACTGCCGAGGAGGTCAACTACATGCTGAAGAAiAAGGGTCTGGAGGACAAGTACGA 
ACCCACTGCCGAGGAGGTCAACTACATGCTGAAGAATAAGGGTCTGGAGGACAAGTACGA 
ACCCACTGCCGAGGAGGTCAACTACATGCTGAAGAACAAGGGTCTGGAGGACAAGTACGA 
ACCCACTGCCGAGGAGGTCAACTACATGCTGAAGAACAAGGGTCTGGAGGACAAGTACGA 
ACCCACTGCCGAGGAGGTCAACTACATGCTGAAGAACAAGGGTCTGGAGGACAAGTACGA 
3920 3940 3960 
CTGAGCTTATTATCCAATCCAATTCAAATAGTTAACTTAACACTGATCTTCTTTGCTTGC 
CTGAGCTTATTATCCAATCCAATTCAAATAGTTAACTTAACACTGATCTTCTTTGCTTGC 
CTGAGCTTATTATCCAATCCAATTCAAATAGTTAACTTAACACTGATCTTCTTTGCTTGC 
CTGAGCTTATTATCCAATCCAATTCAAATAGTTAACTTAACACTGATCTTCTTTGCTTGC 
CTGAGCTTATTATCCAATCCAATTCAAATAGTTAACTTAACACTGATCTTCTTTGCTTGC 
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3980 4000 4020 
AGATTCCCCCTGTTCACGGCTATTCACAAAATATGCACAAATCAGCTCAAGCCTA~AT 
. I 
' AGATTCCCCCTGTTCACGGCTATTCACAAAATATGCACAAATCAGCTCAAGCCTAATGAT 
AGATTCCCCCTGTTCACGGCTATTCACAAAATATGCACAAATCAGCTCAAGCCTAAAGAT 
AGATTCCCCCTGTTCACGGCTATTCACAAAATATGCACAAATCAGCTCAAGCCTAAAGAT 
AGATTCCCCCTGTTCACGGCTATTCACAAAATATGCACAAATCAGCTCAAGCCTAATGAT 
4040 4060 4080 
TTAATTGATTGCATACGCAATCACCCTGAGCATATGTAAGTGTTTCGTTTGCATTGl:fTTA 
. ' 
TTAATTGATTGCATACGCAATCACCCTGAGCATATGTAAGTGTTTCGTTTGCATTGATTA 
TTAATTGATTGCATACGCAATCACCCTGAGCATATGTAAGTGTTTCGTTTGCATTGGTTA 
TTAATTGATTGCATACGCAATCACCCTGAGCATATGTAAGTGTTTCGTTTGCATTGGTTA 
TTAATTGATTGCATACGCAATCACCCTGAGCATATGTAAGTGTTTCGTTTGCATTGGTTA 
4100 4120 4140 
TGGCTCGTTTTCGCCTGTTTAa):CCGCTATCCTGATACCCD:;CCTTCCD:;AAAATCC(lt 
. I I 
TGGCTCGTTTTCGCCTGTTTACCCCGCTATCCTGATACCCTGCCTTCCCGAAAATCCCCC 
TGGCTCGTTTTCGCCTGTTTATCCCGCTATCCTGATACCCCGCCTTCCTGAAAATCCCAC 
TGGCTCGTTTTCGCCTGTTTATCCCGCTATCCTGATACCCCGCCTTCCTGAAAATCCCAC 
TGGCTCGTTTTCGCCTGTTTATCCCGCTATCCTGATACCCTGCCTTCCCGAAAATCCCCC 
4160 4180 4200 
GAAA TUJAGCTTTGT A TTCTCACCTTTAACGTTTGA TTT Ar 11m1m1m11 CifT AACTTTTC 
. 
' ' 
GAAATGAGCTTTGTATTCTCACCTTTAACGTTTGATTTATT ...... TCCTTAACTTTTC 
GAAATAAGCTTTGTATTCTCACCTTTAACGTTTGATTTATTATTGTTTCCTTAACTTTTC 
GAAATGAGCTTTGTATTCTCACCTTTAACGTTTGATTTATTATTGTTTCCTTAACTTTTC 
GAAATGAGCTTTGTATTCTCACCTTTAACGTTTGATTTATTATTGTTTCTTTAACTTTTC 
4220 4240 4260 
TTATTTTAAGTllATCll IDID:TATGCTAAGTTGATGCACCTTCTGTTTCTGTII~ 
. . I 
TTATTTTAAGTTTATCATTCTTCTATGCTAAGTTGATGCACCTTCTGTTTCTGTTTCCGT 
TTATTTTAAGTTTATCTTTCTCCTATGCTAAGTTGATGCACCTTCTGTTTCTGTTT .••. 
TTATTTTAAGTTTATCTTTCTCCTATGCTAAGTTGATGCACCTTCTGTTTCTGTTT .... 
TTATTTTAAGTTAATCTTTTTCCTATGCTAAGTTGATGCACCTTCTGTTTCTGTTTCCGT 
4280 4300 4320 
~TTlUJATTGTTTCCCTATTATTATTTTATTAID'fACCTAAACTAAGCTTAACTTTAAAA 
. I L 
TTCTTTAATTGTTTCCCTATTATTATTTTATTAATACCTAAACTAAGCTTAACTTTAAAA 
.. CTTTGATTGTTTCCCTATTATTATTTTATTAGTACCTAAACTAAGCTTAACTTTAAAA 
.. CTTTGATTGTTTCCCTATTATTATTTTATTAGTACCTAAACTAAGCTTAACTTTAAAA 
TTCTTTGATTGTTTCCCTATTATTATTTTATTAATACCTAAACTAAGCTTAACTTTAAAA 
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4340 4360 4380 
!ITAATAAAGTGCTAAATAATAAAACTCGATGCAAAATTTAAAATTTTTTAAATTAAAAAT 
TTAATAAAGTGCTAAATAATAAAACTCGATGCAAAATTTAAAATTTTTTAAATTAAAAAT 
GTAATAAAGTGCTAAATAATAAAACTCGATGCAAAATTTAAAATTTTTTAAATTAAAAAT 
GTAATAAAGTGCTAAATAATAAAACTCGATGCAAAATTTAAAATTTTTTAAATTAAAAAT 
TTAATAAAGTGCTAAATAATAAAACTCGATGCAAAATTTAAAATTTTTTAAATTAAAAAT 
4400 4420 4440 
ATTATTGGGAATGTTTAACATTCCCCAAAGAAATCATTCATAlfCCCGATTCACATGCAT 
ATTATTGGGAATGTTTAACATTCCCCAAAGAAATCATTCATAGTCCCGATTCACATGCAT 
ATTATTGGGAATGTTTAACATTCCCCAAAGAAATCATTCATAGTCCCGATTCACATGCAT 
ATTATTGGGAATGTTTAACATTCCCCAAAGAAATCATTCATAGTCCCGATTCACATGCAT 
ATTATTGGGAATGTTTAACATTCCCCAAAGAAATCATTCATAATCCCGATTCACATGCAT 
4460 4480 4500 
CAGCGTCATTCGTTTTCAGAGTTATATTCAGCCATTTATTTCGTTACATCCCGTAGTCAC 
CAGCGTCATTCGTTTTCAGAGTTATATTCAGCCATTTATTTCGTTACATCCCGTAGTCAC 
CAGCGTCATTCGTTTTCAGAGTTATATTCAGCCATTTATTTCGTTACATCCCGTAGTCAC 
CAGCGTCATTCGTTTTCAGAGTTATATTCAGCCATTTATTTCGTTACATCCCGTAGTCAC 
CAGCGTCATTCGTTTTCAGAGTTATATTCAGCCATTTATTTCGTTACATCCCGTAGTCAC 
4520 4540 4560 
TACTAATCCATCGAAATAATATTATTTTCCATCCATTACAAATTAGTTTCCTTCTCTTCT 
TACTAATCCATCGAAATAATATTATTTTCCATCCATTACAAATTAGTTTCCTTCTCTTCT 
TACTAATCCATCGAAATAATATTATTTTCCATCCATTACAAATTAGTTTCCTTCTCTTCT 
TACTAATCCATCGAAATAATATTATTTTCCATCCATTACAAATTAGTTTCCTTCTCTTCT 
TACTAATCCATCGAAATAATATTATTTTCCATCCATTACAAATTAGTTTCCTTCTCTTCT 
4580 4600 4620 
TTTTATATTATTTTTATAGGGATACGTCCATCATGCCGTCGCCAAAACTTTAAACTGTGT 
TTTTATATTATTTTTATAGGGATACGTCCATCATGCCGTCGCCAAAACTTTAAACTGTGT 
TTTTATATTATTTTTATAGGGATACGTCCATCATGCCGTCGCCAAAACTTTAAACTGTGT 
TTTTATATTATTTTTATAGGGATACGTCCATCATGCCGTCGCCAAAACTTTAAACTGTGT 
TTTTATATTATTTTTATAGGGATACGTCCATCATGCCGTCGCCAAAACTTTAAACTGTGT 
4640 4660 4680 
TACACCCAAACAAGATCAGTCAATGTATATTGTAAATACTATATATACCCGCATAGATCA 
TACACCCAAACAAGATCAGTCAATGTATATTGTAAATACTATATATACCCGCATAGATCA 
TACACCCAAACAAGATCAGTCAATGTATATTGTAAATACTATATATACCCGCATAGATCA 
TACACCCAAACAAGATCAGTCAATGTATATTGTAAATACTATATATACCCGCATAGATCA 
TACACCCAAACAAGATCAGTCAATGTATATTGTAAATACTATATATACCCGCATAGATCA 
199 
MBS 9> 
C89; 
T1989> 
Cyg22 9> 
MBS 9> 
C89> 
T1989; 
Cyg22 9> 
MBS 9> 
C89> 
T1989; 
Cyg22 9> 
MBS 9> 
C89> 
T7 989; 
Cyg22 9> 
MBS 9> 
C89> 
T1 989; 
Cyg22 9> 
MBS 9> 
C89; 
T7989; 
Cyg22 9> 
4700 4720 4740 
AATCAACCAGTCATCTTCACCAAGGCCTATAAAGCTGGCATTATATAGATATATGCATAA 
. . . . 
AATCAACCAGTCATCTTCACCAAGGCCTATAAAGCTGGCATTATATAGATATATGCATAA 
AATCAACCAGTCATCTTCACCAAGGCCTATAAAGCTGGCATTATATAGATATATGCATAA 
AATCAACCAGTCATCTTCACCAAGGCCTATAAAGCTGGCATTATATAGATATATGCATAA 
AATCAACCAGTCATCTTCACCAAGGCCTATAAAGCTGGCATTATATAGATATATGCATAA 
4760 4780 4800 
AGTCAGAAAAATCGTTCCACGTCAACTGCATTACTTTTTCCTCTAATTCTCGCAAGTGTT 
. 
• 
AGTCAGAAAAATCGTTCCACGTCAACTGCATTACTTTTTCCTCTAATTCTCGCAAGTGTT 
AGTCAGAAAAATCGTTCCACGTCAACTGCATTACTTTTTCCTCTAATTCTCGCAAGTGTT 
AGTCAGAAAAATCGTTCCACGTCAACTGCATTACTTTTTCCTCTAATTCTCGCAAGTGTT 
AGTCAGAAAAATCGTTCCACGTCAACTGCATTACTTTTTCCTCTAATTCTCGCAAGTGTT 
4820 4840 4860 
TTTCAATGTGTACAGTGCTTAA(ITGTTAGATAATCGAACCAAAACfaAAGAGTGTCATAAT 
. . 
• 
TTTCAATGTGTACAGTGCTTAA.TGTTAGATAATCGAACCAAAACAAAGAGTGTCATAAT 
TTTCAATGTGTACAGTGCTTAAGTGTTAGATAATCGAACCAAAACGAAGAGTGTCATAAT 
TTTCAATGTGTACAGTGCTTAAGTGTTAGATAATCGAACCAAAACAAAGAGTGTCATAAT 
TTTCAATGTGTACAGTGCTTAAGTGTTAGATAATCGAACCAAAACAAAGAGTGTCATAAT 
4880 4900 4920 
TGTTGAACCTAATTGGAATTGTTAAAATAAATATAAATTAAATACAAGTTCTTTGTACAT 
. . I 
TGTTGAACCTAATTGGAATTGTiAAAATAAATATAAATTAAATACAAGTTCTTTGTACAT 
TGTTGAACCTAATTGGAATTGTTAAAATAAATATAAATTAAATACAAGTTCTTTGTACAT 
TGTTGAACCTAATTGGAATTGTTAAAATAAATATAAATTAAATACAAGTTCTTTGTACAT 
TGTTGAACCTAATTGGAATTGTTAAAATAAATATAAATTAAATACAAGTTCTTTGTACAT 
4940 4960 4980 
ACCAACCAAAAGTGTTCCCAACTCATTTAACATTCAAAATTGGCAGCTGCAAATCGGCAA 
. . • 
ACCAACCAAAAGTGTTCCCAACTCATTTAACATTCAAAATTGGCAGCTGCAAATCGGCAA 
ACCAACCAAAAGTGTTCCCAACTCATTTAACATTCAAAATTGGCAGCTGCAAATCGGCAA 
ACCAACCAAAAGTGTTCCCAACTCATTTAACATTCAAAATTGGCAGCTGCAAATCGGCAA 
ACCAACCAAAAGTGTTCCCAACTCATTTAACATTCAAAATTGGCAGCTGCAAATCGGCAA 
5000 5020 5040 
AGAGCAGTACGTACAAAAACTCCAAAATTAATAAATTTTGCAATTTTCAGTTAATCAAGC 
. •-
AGAGCAGTACGTACAAAAACTCCAAAATTAATAAATTTTGCAATTTTCAGTTAATCAAGC 
AGAGCAGTACGTACAAAAACTCCAAAATTAATAAATTTTGCAATTTTCAGTTAATCAAGC 
AGAGCAGTACGTACAAAAACTCCAAAATTAATAAATTTTGCAATTTTCAGTTAATCAAGC 
AGAGCAGTACGTACAAAAACTCCAAAATTAATAAATTTTGCAATTTTCAGTTAATCAAGC 
200 
I 
.. 
L 
MBS I) 
CB• 
T1981) 
Cyg22 I) 
MBS I) 
CB• 
T1981) 
Cyg22 • 
MBS I) 
CBI) 
T1981) 
Cyg22 • 
MBS • 
CB I) 
T1 981) 
Cyg22 I) 
MBS I) 
CBI) 
T7981) 
Cyg22 I) 
MBS I) 
CBI) 
T7981) 
Cyg221) 
5060 5080 5100 
ACGGTTGTGTTTTATTTTAACGGATGTGTATTAACTAAAACTGATCGAGAAACIITTTGAT 
I 
ACGGTTGTGTTTTATTTTAACGGATGTGTATTAACTAAAACTGATCGAGAAAC .TTTGAT 
ACGGTTGTGTTTTATTTTAACGGATGTGTATTAACTAAAACTGATCGAGAAACTTTTGAT 
ACGGTTGTGTTTTATTTTAACGGATGTGTATTAACTAAAACTGATCGAGAAACTTTTGAT 
ACGGTTGTGTTTTATTTTAACGGATGTGTATTAACTAAAACTGATCGAGAAACTTTTGAT 
5120 5140 5160 
TATAAATACTTTCTTCTTTTATTTCACAGGCAAAATTTGTAAATCCCCTAAAGAAGCTGA 
. . 
TATAAATACTTTCTTCTTTTATTTCACAGGCAAAATTTGTAAATCCCCTAAAGAAGCTGA 
TATAAATACTTTCTTCTTTTATTTCACAGGCAAAATTTGTAAATCCCCTAAAGAAGCTGA 
TATAAATACTTTCTTCTTTTATTTCACAGGCAAAATTTGTAAATCCCCTAAAGAAGCTGA 
TATAAATACTTTCTTCTTTTATTTCACAGGCAAAATTTGTAAATCCCCTAAAGAAGCTGA 
5180 5200 5220 
GACGTTTTTAACATTTTTATGCACCACAGAGAATAAATGTATTTTTTCAGCACAACGCCA 
. 
GACGTTTTTAACATTTTTATGCACCACAGAGAATAAATGTATTTTTTCAGCACAACGCCA 
GACGTTTTTAACATTTTTATGCACCACAGAGAATAAATGTATTTTTTCAGCACAACGCCA 
GACGTTTTTAACATTTTTATGCACCACAGAGAATAAATGTATTTTTTCAGCACAACGCCA 
GACGTTTTTAACATTTTTATGCACCACAGAGAATAAATGTATTTTTTCAGCACAACGCCA 
5240 5260 5280 
ACTCGATGAATCTTTGGATTCCATTTTCTAACCAGTTAACTAAAAGGATCGTATAGGTTG 
. 
ACTCGATGAATCTTTGGATTCCA~TTTCTAACCAGTTAACTAAAAGGATCGTATAGGTTG 
ACTCGATGAATCTTTGGATTCCATTTTCTAACCAGTTAACTAAAAGGATCGTATAGGTTG 
ACTCGATGAATCTTTGGATTCCATTTTCTAACCAGTTAACTAAAAGGATCGTATAGGTTG 
ACTCGATGAATCTTTGGATTCCATTTTCTAACCAGTTAACTAAAAGGATCGTATAGGTTG 
5300 5320 5340 
TTGCCTT~TTAGCTTATTGATTTTAATCCAAAACCACGCATATCCAACGAACCACGG 
. I I I . 
TTGCCTTA .. GTTAGCTTATTGATTTTAATCCAAAACCACGCATATCCAACGAACCACGG 
TTGCCTTAGTGTTAGCTTATTGATTTTAATCCAAAACCACGCATATCCAACGAACCACGG 
TTGCCTTA .. GTTAGCTTATTGATTTTAATCCAAAACCACGCATATCCAACGAACCACGG 
TTGCCTTA .. GTTAGCTTATTGATTTTAATCCAAAACCACGCATATCCAACGAACCACGG 
5360 5380 5400 
AAGAAAACTGACAACCAAAGTCTGCTTTAATTTTAAAATTTAGTTGTTTTCAATTCCAAA 
I 
AAGAAAACTGACAACCAAAGTCTGCTTTAATTTTAAAATTTAGTTGTTTTCAATTCCAAA 
AAGAAAACTGACAACCAAAGTCTGCTTTAATTTTAAAATTTAGTTGTTTTCAATTCCAAA 
AAGAAAACTGACAACCAAAGTCTGCTTTAATTTTAAAATTTAGTTGTTTTCAATTCCAAA 
AAGAAAACTGACAACCAAAGTCTGCTTTAATTTTAAAATTTAGTTGTTTTCAATTCCAAA 
201 
I 
I 
... 
L 
MBS • 
CB• 
T19B• 
Cyg22 • 
MBS • 
CB• 
T19B• 
Cyg22 • 
MBS • 
CB• 
T19B• 
Cyg22 • 
5420 5440 5460 
CTAGCCAAGAAACAAACGCAAGTACCTAACAAATATATTGTAATTTTG~CC~CAAGT 
. . . 
CTAGCCAAGAAACAAACGCAAGTACCTAACAAATATATTGTAATTTTGTGGCC.ACAAGT 
CTAGCCAAGAAACAAACGCAAGTACCTAACAAATATATTGTAATTTTGTGGCC.ACAAGT 
CTAGCCAAGAAACAAACGCAAGTACCTAACAAATATATTGTAATTTTGTGGCC.ACAAGT 
CTAGCCAAGAAACAAACGCAAGTACCTAACAAATATATTGTAATTTTGTAGCCCACAAGT 
5480 5500 5520 
~[i):GACGGAGCTGGCGAGAGGATCTTAGTATAATTTTAATCGGACTGCGTAGACACTAG 
. 
AGCCGACGGAGCTGGCGAGAGGATCTTAGTATAATTTTAATCGGACTGCGTAGACACTAG 
GGCCGACGGAGCTGGCGAGAGGATCTTAGTATAATTTTAATCGGACTGCGTAGACACTAG 
AGCCGACGGAGCTGGCGAGAGGATCTTAGTATAATTTTAATCGGACTGCGTAGACACTAG 
.GGCGACGGAGCTGGCGAGAGGATCTTAGTATAATTTTAATCGGACTGCGTAGACACTAG 
5540 5560 5580 
. . 
202 
---- -
I 
I 
APPENDIXD. 
Alignment of KP element and other P element deletion derivative sequences. 
The sequences of the P element deletion derivatives in AT198, GB2 and 
AK0107 are aligned. The composition of the KP element sequences for the 
variants ACygB, ACyg83 and AAV65 are the same as for AT198. GB2 has a 0.6-
kb P element derivative while AK0107 has a 2.3-kb insertion comprising 
tandem KP elements. The AT198, GB2 and AK0107 sequences are presented in 
their correct orientation. The KP element in ACyg83 is in the same orientation 
as that for AT198, while those in ACygB and AA V65 are in the opposite 
orientation. 
Each of the KP elements contain the same sequence which differs from the 
complete P element by a 1753-bp internal deletion and a single replacement of 
an A nucleotide with a T at position 1877. The P element derivative in GB2 
contains a 2299-bp deletion relative to the complete P element. AK0107 is 
unique in that it contains two KP elements which are in the same orientation 
and are separated by a single copy of the 8-bp duplicated insertion site sequence. 
In the sequence alignment, the 8-bp sequence duplicated at the insertion site is 
boxed, while the 31-bp inverted repeats are underlined in the AK0107 sequence 
with a single line. The primers used to amplify the sequences were JG61 and 
JG56 and are underlined on the consensus sequence with a double line (their 
positions are given below). The IUPAC codes (highlighted in black) for the 
consensus sequence are given in Appendix C. 
The sequence and relative positions of the oligonucleotide primers used to 
amplify and sequence the insertions are indicated below (the numbering refers 
to the sequences as shown in the alignment and primers marked with * are on 
the opposite strand). 
Oligo Position Sequence Tm Size 
JG61 * 0-19 5' GACCGAATAACACCGATIG 3' 58 l 9mer 
JG60* 411-430 5' CGC TCC AAA GTI CGG CAA TI 3' 60 20mer 
JG68 1873-1853 5' CCG AAG CTI ACC GAA GTA TAC 3' 62 2 lmer 
JG70 1426-1407 5' AACGTGACTGTGCGTTAGGT 3' 60 20mer 
JG72 860-841 5' CAAACCCCACGGATATGCTA 3' 60 20mer 
JG73* 1806-1825 5' GCA CAC AAC CTI TCC TCT CA 3' 60 20mer 
203 
11 
L 
JG71 * 
JG67* 
JG 56 
1336-1355 
841-860 
3216-3196 
5' ACGACGCATITCGTACTCCA 3' 
5' TAG CAT ATCCGTGGGGITTG 3' 
5' ITG TTG TCG ATG GAC TCG CT 3' 
204 
60 
60 
60 
20mer 
20mer 
20mer 
I 
....... 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198• 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
20 40 60 
GACCGAATAACACCGATTGTTGAAATCTTCGACGTGTGTAAATTAGATTATTCAGAAAAA 
GACCGAATAACACCGATTGTTGAAATCTTCGACGTGTGTAAATTAGATTATTCAGAAAAA 
GACCGAATAACACCGATTGTTGAAATCTTCGACGTGTGTAAATTAGATTATTCAGAAAAA 
GACCGAATAACACCGATTGTTGAAATCTTCGACGTGTGTAAATTAGATTATTCAGAAAAA 
80 100 120 
TAACAGTGACAAAAGGATGACACAGTTGATTATAAAACATTAGCACTTGTTTTTGGTTGC 
TAACAGTGACAAAAGGATGACACAGTTGATTATAAAACATTAGCACTTGTTTTTGGTTGC 
TAACAGTGACAAAAGGATGACACAGTTGATTATAAAACATTAGCACTTGTTTTTGGTTGC 
TAACAGTGACAAAAGGATGACACAGTTGATTATAAAACATTAGCACTTGTTTTTGGTTGC 
140 160 180 
AATTTGCTAATTTGTTGGCATTCCGAATCAAAACAGGCAAACCAATACAATTTAATAGTA 
AATTTGCTAATTTGTTGGCATTCCGAATCAAAACAGGCAAACCAATACAATTTAATAGTA 
AATTTGCTAATTTGTTGGCATTCCGAATCAAAACAGGCAAACCAATACAATTTAATAGTA 
AATTTGCTAATTTGTTGGCATTCCGAATCAAAACAGGCAAACCAATACAATTTAATAGTA 
200 220 240 
AAAGGGAAAATAAATAAATAAACTTTGTAAATGTTTATATAAAATAAGGAAATAAATTCA 
AAAGGGAAAATAAATAAATAAACTTTGTAAATGTTTATATAAAATAAGGAAATAAATTCA 
AAAGGGAAAATAAATAAATAAACTTTGTAAATGTTTATATAAAATAAGGAAATAAATTCA 
AAAGGGAAAATAAATAAATAAACTTTGTAAATGTTTATATAAAATAAGGAAATAAATTCA 
260 280 300 
TGAAAAATAGGGGAATGTATGGTTTTCAAAATTTTCACGAATACCGTTAACGATAGTACA 
TGAAAAATAGGGGAATGTATGGTTTTCAAAATTTTCACGAATACCGTTAACGATAGTACA 
TGAAAAATAGGGGAATGTATGGTTTTCAAAATTTTCACGAATACCGTTAACGATAGTACA 
TGAAAAATAGGGGAATGTATGGTTTTCAAAATTTTCACGAATACCGTTAACGATAGTACA 
320 340 360 
AATGCACAATACCAATTTGAATTTGGCGCCACAACTGCTCACTTTGCAGCACTGAACAAG 
AATGCACAATACCAATTTGAATTTGGCGCCACAACTGCTCACTTTGCAGCACTGAACAAG 
AATGCACAATACCAATTTGAATTTGGCGCCACAACTGCTCACTTTGCAGCACTGAACAAG 
AATGCACAATACCAATTTGAATTTGGCGCCACAACTGCTCACTTTGCAGCACTGAACAAG 
380 400 420 
AGCATGCGCAAAGGGGTTATACAGTACTGGTCAATACACCAAGGGTGCAACGCTCCAAAG 
AGCATGCGCAAAGGGGTTATACAGTACTGGTCAATACACCAAGGGTGCAACGCTCCAAAG 
AGCATGCGCAAAGGGGTTATACAGTACTGGTCAATACACCAAGGGTGCAACGCTCCAAAG 
AGCATGCGCAAAGGGGTTATACAGTACTGGTCAATACACCAAGGGTGCAACGCTCCAAAG 
205 
AT19B-. 
GBZ/Df-. 
AK0107-. 
AT198-. 
GBZ/Df-. 
AK0107-. 
AT198-. 
GBZ/Df-. 
AKOl 07-. 
AT198-. 
GB2/Df-. 
AK0107-. 
AT198-. 
GB2/Df-. 
AK0107-. 
AT198-. 
GB2/Df-. 
AK0107-. 
AT198-. 
GB2/Df-. 
AK0107-. 
440 460 480 
TTCGGCAATTGAACCAATCTAAAGAGTTTAACTATTCTAGTACAACTACAGTTTATTTAA 
. . 
TTCGGCAATTGAACCAATCTAAAGAGTTTAACTATTCTAGTACAACTACAGTTTATTTAA 
TTCGGCAATTGAACCAATCTAAAGAGTTTAACTATTCTAGTACAACTACAGTTTATTTAA 
TTCGGCAATTGAACCAATCTAAAGAGTTTAACTATTCTAGTACAACTACAGTTTATTTAA 
500 520 540 
ATAATTTCCATGGTTAAAACAATACCAGGATGTACTGCGCATTGGAAAAGTGAGCGGATT 
. . 
ATAATTTCCATGGTTAAAACAATACCAGGATGTACTGCGCATTGGAAAAGTGAGCGGATT 
ATAATTTCCATGGTTAAAACAATACCAGGATGTACTGCGCATTGGAAAAGTGAGCGGATT 
ATAATTTCCATGGTTAAAACAATACCAGGATGTACTGCGCATTGGAAAAGTGAGCGGATT 
560 580 600 
TCCCGCTTGCGAGCTTATCGCACCACCAACACAAACATACACATGCACACGGACTCTCTT 
. . 
TCCCGCTTGCGAGCTTATCGCACCACCAACACAAACATACACATGCACACGGACTCTCTT 
TCCCGCTTGCGAGCTTATCGCACCACCAACACAAACATACACATGCACACGGACTCTCTT 
TCCCGCTTGCGAGCTTATCGCACCACCAACACAAACATACACATGCACACGGACTCTCTT 
620 640 660 
CGCTCTCTTCCTCTCTCTCTCTCTCTTCGCAATCGCAACGATTTGTTGTTGGCCGCAGTG 
CGCTCTCTTCCTCTCTCTCTCTCTCTTCGCAATCGCAACGATTTGTTGTTGGCCGCAGTG 
CGCTCTCTTCCTCTCTCTCTCTCTCTTCGCAATCGCAACGATTTGTTGTTGGCCGCAGTG 
CGCTCTCTTCCTCTCTCTCTCTCTCTTCGCAATCGCAACGATTTGTTGTTGGCCGCAGTG 
680 I hoo 120 
CTTGTTTTGCTTATATTAGCATGTGTGGAGTGCAAACCATGATGAAATAACATAAGGTGG 
I I . , 
CTTGTTTTGCTTATATTAGCATGTGTGGAGTGCAAACCATGATGAAATAACATAAGGTGG 
I I CTTGTTTTGCTTATATTAGCATGTGTGGAGTGCAAACCATGATGAAATAACATAAGGTGG 
I I 
CTTGTTTTGCTTATATTAGCATGTGTGGAGTGCAAACCATGATGAAATAACATAAGGTGG 
I I 
740 760 780 
TCCCGTCGGCAAGAGACATCCACTTAACGTATGCTTGCAATAAGTGCGAGTGAAAGGAAT 
. 
TCCCGTCGGCAAGAGACATCCACTTAACGTATGCTTGCAATAAGTGCGAGTGAAAGGAAT 
TCCCGTCGGCAAGAGACATCCACTTAACGTATGCTTGCAATAAGTGCGAGTGAAAGGAAT 
TCCCGTCGGCAAGAGACATCCACTTAACGTATGCTTGCAATAAGTGCGAGTGAAAGGAAT 
800 820 840 
AGTATTCTGAGTGTCGTATTGAGTCTGAGTGAGACAGCGATATGATTGTTGATTAACCCT 
. . . . 
AGTATTCTGAGTGTCGTATTGAGTCTGAGTGAGACAGCGATATGATTGTTGATTAACCCT 
AGTATTCTGAGTGTCGTATTGAGTCTGAGTGAGACAGCGATATGATTGTTGATTAACCCT 
AGTATTCTGAGTGTCGTATTGAGTCTGAGTGAGACAGCGATATGATTGTTGATTAACCCT 
206 
I 
_, 
AT798-. 
GB2/Df-. 
AK0107-. 
AT7 98-. 
GB2/Df-. 
AK0107-. 
AT798-. 
GB2/Df-. 
AK0107-. 
AT798-. 
GB2/Df-. 
AK0107-. 
AT7 98-. 
GB2/Df-. 
AK0107-. 
AT798-. 
GB2/Df-. 
AK0107-. 
AT198-. 
GB2/Df-. 
AK0107-. 
860 880 900 
TAGCATGTCCGTGGGGTTTGAATTAACTCATAATATTAATTAGACGAAATTATTTTTAAA 
TAGCATGTCCGTGGGGTTTGAATTAACTCATAATATTAATTAGACGAAATTATTTTTAAA 
TAGCATGTCCGTGGGGTTTGAATTAACTCATAATATTAATTAGACGAAATTATTTTTAAA 
TAGCATGTCCGTGGGGTTTGAATTAACTCATAATATTAATTAGACGAAATTATTTTTAAA 
920 940 960 
GTTTTATTTTTAATAATTTGGAGTTTCCAATTAACTTTTGTTTTTGATTTTTAATTTCAA 
GTTTTATTTTTAATAATTTGGAGTTTCCAATTAACTTTTGTTTTTGATTTTTAATTTCAA 
GTTTTATTTTTAATAATTTGGAGTTTCCAATTAACTTTTGTTTTTGATTTTTAATTTCAA 
GTTTTATTTTTAATAATTTGGAGTTTCCAATTAACTTTTGTTTTTGATTTTTAATTTCAA 
980 1000 1020 
TTTTTTTGTTGAAGTACTTAATTCTAAAATATATTCTAATTTTAAAATAAAAAGATTTTA 
TTTTTTTGTTGAAGTACTTAATTCTAAAATATATTCTAATTTTAAAATAAAAAGATTTTA 
TTTTTTTGTTGAAGTACTTAATTCTAAAATATATTCTAATTTTAAAATAAAAAGATTTTA 
TTTTTTTGTTGAAGTACTTAATTCTAAAATATATTCTAATTTTAAAATAAAAAGATTTTA 
1040 
CTTGTTTATCAACATCGACGTTTC 
1060 1080 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
CTTGTTTATCAACATCGACGTTTC ................................... . 
CTTGTTTATCAACATCGACGTTTCGCGCTGCTAATATTAATTTTTCCTTTACATTATTTG 
CTTGTTT A TCAACA TCGACGTTTC . . ............ .. . .. . .. . . . . ......... . 
1100 1120 1140 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
..................... CACATCTGATAACCATCTGTACAAAGTCGTACGACTGGG 
TAATTTCAAAATTATTATTAT ...................................... . 
........ . ......... .. . CACATCTGATAACCATCTGTACAAAGTCGTACGACTGGG 
1160 1180 1200 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
CAAAGGAAATCCTTTTTTGTACAGATGGTTATACGCTCGAGGGCCTGCGGTGTGGAGACA 
CAAAGGAAATCCTTTTTTGTACAGATGGTTATACGCTCGAGGGCCTGCGGTGTGGAGACA 
1220 1240 1260 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
AATAGCTGTAGAAATGTCGTCGGAATTGAACGTAGCTCTTTGTCCACCATTCTTCAGTAT 
..................... ......................... .............. 
AATAGCTGTAGAAATGTCGTCGGAATTGAACGTAGCTCTTTGTCCACCATTCTTCAGTAT 
207 
. \ 
., 
~ ' I 
-,._ 
,; 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198• 
GB2/Df • 
AKOl 07 • 
1280 1300 1320 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
CCGTATCTGCGTGTCCGTGAAGATTTTGCGTAGAGACTCCTCCAACTGTTGAGACTCCCT 
............................................... ............. 
CCGTATCTGCGTGTCCGTGAAGATTTTGCGTAGAGACTCCTCCAACTGTTGAGACTCCCT 
1340 1360 1380 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
CAGCTGCTGCTCTAAACGACGCATTTCGTACTCCAAAGTACGAATTTTTTCCCTCAAGCT 
............................................................ 
CAGCTGCTGCTCTAAACGACGCATTTCGTACTCCAAAGTACGAATTTTTTCCCTCAAGCT 
1400 1420 1440 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
CTTATTTTCATTAAACAATGAACAGGACCTAACGCACAGTCACGTTATTGTTTACATAAA 
CTTATTTTCATTAAACAATGAACAGGACCTAACGCACAGTCACGTTATTGTTTACATAAA 
1460 1480 1500 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
TGATTTTTTTTACTATTCAAACTTACTCTGTTTGTGTACTCCCACTGGTATAGCCTTCTT 
TGATTTTTTTTACTATTCAAACTTACTCTGTTTGTGTACTCCCACTGGTATAGCCTTCTT 
1520 1540 1560 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
TTATCTTTTCTGGTTCAGGCTCTATCACTTTACTAGGTACGGCATCTGCGTTGAGTCGCC 
TTATCTTTTCTGGTTCAGGCTCTATCACTTTACTAGGTACGGCATCTGCGTTGAGTCGCC 
1580 1600 1620 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
TCCTTTTAAATGTCTGACCTTTTGCAGGTGCAGCCTTCCACTGCGAATCATTAAAGTGGG 
............................................................ 
TCCTTTTAAATGTCTGACCTTTTGCAGGTGCAGCCTTCCACTGCGAATCATTAAAGTGGG 
1640 1660 1680 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
TATCACAAATTTGGGAGTTTTCACCAAGGCTGCACCCAAGGCTCTGCTCCCACAATTTTC 
............ .. ......... .................... ... .... .......... 
TATCACAAATTTGGGAGTTTTCACCAAGGCTGCACCCAAGGCTCTGCTCCCACAATTTTC 
208 
\., ,. 
AT19B• 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT19B• 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
1700 1720 1740 
""l~l..,~l~""l~'"l~..,l~l""'~l~""l~'"l~..,l~l""'~l~""l~,...l~..,l~l-~l~""l~,...l~l..,~1-~l~ ..... IGAATTAATTTTACTCCAGTCACAGCTTTGCAGCAAA 
TCTTAATAGCACACTTCGGCACGTGAATTAATTTTACTCCAGTCACAGCTTTGCAGCAAA 
. ...................... TGAATTAATTTTACTCCAGTCACAGCTTTGCAGCAAA 
TCTTAATAGCACACTTCGGCACGTGAATTAATTTTACTCCAGTCACAGCTTTGCAGCAAA 
1760 1780 1800 
ATTTGCAATATTTCATTTTTTTTTATTCCACGTAAGGGTTAATGTTTTCAAAAAAAAATT 
ATTTGCAATATTTCATTTTTTTTTATTCCACGTAAGGGTTAATGTTTTCAAAAAAAAATT 
ATTTGCAATATTTCATTTTTTTTTATTCCACGTAAGGGTTAATGTTTTCAAAAAAAAATT 
ATTTGCAATATTTCATTTTTTTTTATTCCACGTAAGGGTTAATGTTTTCAAAAAAAAATT 
1820 1840 1860 
CGTCCGCACACAACCTTTCCTCTCAACAAGCAAACGTGCACTGAATTTAAGTGTATACTT 
CGTCCGCACACAACCTTTCCTCTCAACAAGCAAACGTGCACTGAATTTAAGTGTATACTT 
CGTCCGCACACAACCTTTCCTCTCAACAAGCAAACGTGCACTGAATTTAAGTGTATACTT 
CGTCCGCACACAACCTTTCCTCTCAACAAGCAAACGTGCACTGAATTTAAGTGTATACTT 
1880 1900 I lino 
CGGTAAGCTTCGGCTTACGACGGGACCACCTTATGTTATTTCATCATGGTGCAAAC~ 
I I 
CGGTAAGCTTCGGCTTACGACGGGACCACCTTATGTTATTTCATCATGGTGCAAAC . . . . 
I I CGGTAAGCTTCGGCTTACGACGGGACCACCTTATGTTATTTCATCATGGTGCAAAC .. .. 
I I CGGTAAGCTTCGGCTTACGACGGGACCACCTTATGTTATTTCATCATGGTGCAAACCATG 
I I 
1940 1960 1980 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
ATGAAATAACATAAGGTGGTCCCGTCGGCAAGAGACATCCACTTAACGTATGCTTGCAAT 
2000 2020 2040 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
AAGTGCGAGTGAAAGGAATAGTATTCTGAGTGTCGTATTGAGTCTGAGTGAGACAGCGAT 
2060 2080 2100 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
ATGATTGTTGATTAACCCTTAGCATGTCCGTGGGGTTTGAATTAACTCATAATATTAATT 
209 
• I 
AT198 I) 
G82/Df I) 
AK0107 I) 
AT198 I) 
GB2/Df I) 
AK0107 I) 
AT1981) 
GB2/Df I) 
AK0107 I) 
AT1981) 
GB2/Df I) 
AK0107 I) 
AT198 I) 
GB2/Df I) 
AK0107 I) 
AT1981) 
GB2/Df I) 
AK0107 I) 
AT1981) 
GB2/Df I) 
AK0107 I) 
2120 2140 2160 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
............................................................ 
............................................................ 
AGACGAAATTATTTTTAAAGTTTTATTTTTAATAATTTGGAGTTTCCAATTAACTTTTGT 
2180 2200 2220 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
............................................................ 
TTTTGATTTTTAATTTCAATTTTTTTGTTGAAGTACTTAATTCTAAAATATATTCTAATT 
2240 2260 2280 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
TTAAAATAAAAAGATTTTACTTGTTTATCAACATCGACGTTTCCACATCTGATAACCATC 
2300 2320 2340 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
TGTACAAAGTCGTACGACTGGGCAAAGGAAATCCTTTTTTGTACAGATGGTTATACGCTC 
2360 2380 2400 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
GAGGGCCTGCGGTGTGGAGACAAATAGCTGTAGAAATGTCGTCGGAATTGAACGTAGCTC 
2420 2440 2460 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
............................................................ 
.................. .......................................... 
TTTGTCCACCATTCTTCAGTATCCGTATCTGCGTGTCCGTGAAGATTTTGCGTAGAGACT 
2480 2500 2520 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
............................................................ 
............................................................ 
CCTCCAACTGTTGAGACTCCCTCAGCTGCTGCTCTAAACGACGCATTTCGTACTCCAAAG 
210 
AT198• 
GB2/Df • 
AKOl 07 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198• 
GB2/Df • 
AK0107 • 
2540 2560 2580 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
............................................................ 
............................................................ 
TACGAATTTTTTCCCTCAAGCTCTTATTTTCATTAAACAATGAACAGGACCTAACGCACA 
2600 2620 2640 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
.................................................... ........ 
......................... ................................... 
GTCACGTTATTGTTTACATAAATGATTTTTTTTACTATTCAAACTTACTCTGTTTGTGTA 
2660 2680 2700 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
............................................................ 
CTCCCACTGGTATAGCCTTCTTTTATCTTTTCTGGTTCAGGCTCTATCACTTTACTAGGT 
2720 2740 2760 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
ACGGCATCTGCGTTGAGTCGCCTCCTTTTAAATGTCTGACCTTTTGCAGGTGCAGCCTTC 
2780 2800 2820 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
CACTGCGAATCATTAAAGTGGGTATCACAAATTTGGGAGTTTTCACCAAGGCTGCACCCA 
2840 2860 2880 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
............................................................ 
............................................................ 
AGGCTCTGCTCCCACAATTTTCTCTTAATAGCACACTTCGGCACGTGAATTAATTTTACT 
2900 2920 2940 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
............................. ............................... 
............................................................ 
CCAGTCACAGCTTTGCAGCAAAATTTGCAATATTTCATTTTTTTTTATTCCACGTAAGGG 
211 
,, 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
AT198 • 
GB2/Df • 
AK0107 • 
2960 2980 3000 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
........................ ................................... . 
............................................. ............... 
TTAATGTTTTCAAAAAAAAATTCGTCCGCACACAACCTTTCCTCTCAACAAGCAAACGTG 
3020 3040 3060 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
CACTGAATTTAAGTGTATACTTCGGTAAGCTTCGGCTTACGACGGGACCACCTTATGTTA 
I 
3080 3100 3120 
,.,,~,..,.~,~..,l~ml~'"l~ml~l""~l~""l~ml~'"l~ml~l""~l""~l~ml~,...l~CAAGAATCAGTAGTCGCCGCGGTTTCGACGTGTCAGTTTGCA 
I I 
•••••••••• 
1 
•••••••• CAAGAATCAGTAGTCGCCGCGGTTTCGACGTGTCAGTTTGCA 
I I 
.................. CAAGAATCAGTAGTCGCCGCGGTTTCGACGTGTCAGTTTGCA 
I I 
TTTCATCATGGTGCAAACCAAGAATCAGTAGTCGCCGCGGTTTCGACGTGTCAGTTTGCA 
I I 
3140 3160 3180 
GTACAATTACAATTGATTAATCGCGCCAAATCGCGGAGCCAAGTAGTACTTAGCAAGTAG 
GTACAATTACAATTGATTAATCGCGCCAAATCGCGGAGCCAAGTAGTACTTAGCAAGTAG 
GTACAATTACAATTGATTAATCGCGCCAAATCGCGGAGCCAAGTAGTACTTAGCAAGTAG 
GTACAATTACAATTGATTAATCGCGCCAAATCGCGGAGCCAAGTAGTACTTAGCAAGTAG 
3200 3220 
CAAGAGGAAGCACATCAGCGAGTCCATCGACAACAA 
CAAGAGGAAGCACATCAGCGAGTCCATCGACAACAA 
CAAGAGGAAGCACATCAGCGAGTCCATCGACAACAA 
CAAGAGGAAGCACATCAGCGAGTCCATCGACAACAA 
212 
3240 
